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ABSTRACT 
A paucity of research exists investigating influence of diet on oxidative stress (OS) in 
zoo-managed animals. Many zoo-managed species have unknown nutrient requirements and OS 
can be used as a measure to evaluate dietary nutrient concentrations and narrow dietary 
recommendations. The overall dissertation objective was to evaluate influence of diet and 
nutrient intakes on markers of OS in zoo-managed animals through three objectives: 1) evaluate 
influence of five commercial gut-loading diets on resulting live cricket nutrient composition and 
impact on markers of OS in two zoo-managed toad species 2) evaluate dietary nutrient intake 
and nutritional husbandry influence on markers of OS in male snow leopards maintained in U.S. 
zoos and 3) assess the impact of three dietary vitamin E concentrations on OS, maze learning 
performance, and anxiety behaviors in feeder rats. Results demonstrated that 1) potassium and 
high protein to fat ratios increased markers of OS in toads 2) OS is influenced by copper and 
sodium intakes and whole prey consumption in male snow leopards 3) dietary vitamin E intakes 
five to 22 times above nutrient requirements are positively correlated with increased OS and are 
not beneficial for feeder rat welfare in relation to maze learning performance. This novel 
research in zoo-managed species provides some of the first data of its kind evaluating influence 
of dietary vitamin and mineral concentrations and ratios in relation to OS. The results presented 
provide some additional clarity to nutrient target ranges for future research in amphibians, felids, 
and rodents via an approach that has not been taken in exotic animal nutrition. Additionally, 
results provide valuable information to animal managers for improved health and advancements 
in husbandry to ensure success of assurance populations.	
Nutrition affects a myriad of processes in the body including OS, defined as an imbalance 
between pro-oxidants and antioxidants, in favor of pro-oxidants. Both nutrition and OS can 
 
	
xi 
affect many physiologies and phenotypes such as animal growth, reproduction, learning, and 
behavior. For zoo-managed species this is a critical issue because specific nutrient requirements 
for a majority of exotic species are not known. To address the overall dissertation objective, two 
research chapters (2-3) were completed using species managed in zoo breeding programs with 
challenges affecting their sustainability that are potentially linked with nutrition and OS (toads 
and snow leopards). Chapter 4 utilized a unique zoo-managed model (feeder rats) to evaluate 
controlled concentrations of one dietary antioxidant (vitamin E) to evaluate influence on maze 
learning performance and anxious behaviors that could be potential indicators of animal welfare.  
In Chapter 2, two toad species were utilized to evaluate OS when fed five different, live 
cricket, dietary treatments (crickets fed different diets (gut-loading diets)). With more than 50% 
of known amphibian species threatened with extinction, assurance populations are vital to sustain 
wild populations via reintroduction programs; however dietary nutrient deficiencies may be 
hindering amphibian health in zoos. The objective of Chapter 2 was to evaluate, for the first time 
in amphibians, correlations of dietary nutrients (proximates, vitamins A and E, and minerals) and 
markers of OS. We hypothesized that live crickets would differ in nutrient composition based on 
the diet they were fed, and toads fed crickets containing higher concentrations of vitamins A and 
E would have lower levels of OS. The hypotheses were partially supported as crickets did vary in 
nutrient composition (particularly protein, fat, calcium, and carotenoids) and nutrient intake did 
influence glutathione peroxidase (GPx) activity in toads. Contrary to our hypotheses, vitamin E 
did not impact markers of OS; however, GPx activity did decrease with increasing dietary retinol 
but this requires further investigation to determine positive or negative OS impacts. Additionally, 
higher cricket protein:fat ratios and potassium concentrations were correlated with increased 
GPx activity. Results of Chapter 2 indicate dietary imbalances in vitamins and minerals and very 
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high protein to fat ratios (above 10.0) are correlated with increases in markers of OS. Results 
indicate that crickets should be monitored for low fat concentrations to prevent excessively high 
protein:fat ratios that could affect fat-soluble vitamin absorption. Evaluation of ideal ratios 
requires further investigation through controlled dietary studies. Our results also suggest the use 
of some products (Vita Bug®) for gut-loading, requires specific supplementation of nutrients 
(calcium) for amphibian health. 
In Chapter 3, the objective was to evaluate the influence of dietary nutrient intakes and 
nutritional husbandry on markers of OS in male snow leopards maintained in U.S. zoos. Snow 
leopards are an endangered species and zoo populations have been declining over the past two 
decades. Dietary inadequacies may be a contributing factor to disease and abnormal physiologies 
affecting zoo-managed snow leopards, possibly through OS. Improvement of nutritional 
understanding in zoo-managed settings is likely a vital component of managing this assurance 
population. Diets of each cat were collected and analyzed as well as weekly feeding amounts to 
yield weekly nutrient (proximates, minerals, vitamins A and E, and fatty acids) intakes. It was 
hypothesized that dietary nutrients, particularly higher intakes of vitamins A and E, would 
reduce markers of OS and that trace mineral balance would also influence OS. Our hypothesis 
was not supported as dietary vitamin intakes did not directly impact OS. In support of our 
hypothesis, dietary minerals (copper and sodium) were correlated with alterations in OS in male 
snow leopards. Reduction in oxidative DNA/RNA damage was correlated with increases in 
copper intakes; however, some snow leopards consumed less copper than recommended, 
highlighting the need to carefully evaluate concentrations in exotic cat diets. Very high intakes of 
some minerals such as iron also support the need to carefully evaluate mineral concentrations 
and mineral balance in zoo carnivore diet formulations. Additionally, the use of supplemental 
 
	
xiii 
whole prey positively influenced superoxide dismutase (SOD) activity. These results suggest 
alteration of diet, specifically with attention to mineral premixes and addition of whole prey, may 
be beneficial for improving snow leopard OS and potentially improving the sustainability of zoo-
managed snow leopard populations. 
Chapter 4 utilized growing feeder rats (raised to be fed to other animals) to achieve 
objectives of assessing the impact of specific dietary vitamin E concentrations on OS markers, 
maze learning performance, and anxious behaviors. While rats are not an exotic species, they do 
have published nutrient requirements allowing for dietary manipulation to assess target 
concentrations. Additionally, they can be useful as models for other zoo-managed species. We 
hypothesized that rats fed higher concentrations of dietary vitamin E would have suppressed OS 
levels, superior maze learning performance, and fewer anxiety behaviors. Oxidative stress did 
appear to be influenced by dietary vitamin E; however, not as anticipated because SOD activity 
was lowest and concentrations of PC highest in rats fed highest dietary vitamin E concentrations. 
Our hypothesis was not supported by results of Chapter 4, which demonstrated that feeding 
excessive concentrations of dietary vitamin E, did not impact rat maze learning performance. 
Diets containing the lowest concentrations of dietary vitamin E, resulted in more anxiety 
behaviors in rats and thus did support our hypothesis. Conclusions from Chapter 4 indicated that 
dietary vitamin E intakes 5-22 times above nutrient requirements were not beneficial for 13-ek 
old feeder rat maze learning performance and OS markers. Results indicate the potential risks of 
feeding super doses of vitamin E and can aid in supplementation decisions in diet formulation for 
exotic animal and feeder animal diets. 
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CHAPTER 1 
LITERATURE REVIEW 
 
1.1 Challenges in Zoo Animal Nutrition 
Zoos can be traced back over 4,500 years ago when their purpose was strictly 
entertainment (Carr and Cohen, 2011). As early as the 18th century, however, zoos began to shift 
focus and evolve toward a more scientific approach with the formation of zoological societies 
(Carr and Cohen, 2011). This shift of purpose has continued over the past three centuries and 
today the role of zoos includes public education and, more dominantly, wildlife conservation 
(WAZA, 2005). The charge of sustaining species threatened with extinction has brought many 
challenges to zoos, including the need to optimize husbandry and nutrition.   
Nutrition is defined as the process of obtaining food necessary for growth and health 
(English Oxford Living Dictionaries, 2017). Nutrition affects many physiologies including 
growth, disease (Glanz, 2001), reproduction (Allen and Ullrey, 2004), and behavior (Willis et al., 
2009). Nutrient requirements for a majority of exotic animals are not known; therefore, 
published domestic animal requirements often serve as models for diet formulations. These 
domestic animal nutrient requirements are limiting because they must often be adjusted to 
accommodate the unique nutrient needs and purposes of managing exotic animals including 
longevity rather than strictly production. While great advancements have been made in the field 
of exotic animal nutrition, cases of deficiencies and toxicities may still be seen particularly 
without well-defined requirements (Dierenfeld, 1997). Nutrient deficiencies can appear on an 
individual basis or can affect entire taxa as seen with amphibians fed incorrect dietary calcium, 
phosphorus, or vitamin A (Ferrie et al., 2014). As the understanding of exotic animal biology 
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increases, so does our ability to care for them in managed settings, leading to increased life 
spans. Older and aging animals have unique disorders and diseases that often are not reflected in 
current domestic animal nutrient requirements with the exception of dogs and cats. Quality of 
life for aging animals is an area of great focus in zoos from both a nutritional and welfare 
perspective (Föllmi et al., 2007).  
Undefined species-specific nutrient requirements across physiological stages may 
contribute to nutritional imbalances of exotic animals, which may lead to oxidative stress (OS) 
(Sies et al., 2005). Research designed to evaluate the link between diet and OS to enhance exotic 
animal management is lacking. Evaluation of OS in a majority of zoo-managed species has never 
been evaluated previously and has relied on extrapolations from work in domestic animals.  
1.2 Defining Oxidative Stress 
Oxidative stress has been defined as an imbalance between pro-oxidants and antioxidants, 
in favor of pro-oxidative compounds (Sies, 1985, 1986, 1997), generally referred to as reactive 
species. These reactive species cause damage and disease in the body unless neutralized or 
cleared by antioxidants. Nutrition plays a large role in the etiology of OS and can contribute both 
oxidants and antioxidants (Ames, 1986; Ames et al., 1993). Oxidation is the process of a 
molecule losing electrons, while reduction is the process of it gaining electrons (Prior and Cao, 
1999). These reactions are collectively known as reduction-oxidation, or redox, reactions and are 
essential in most living organisms (Shapiro, 1972). Trading electrons requires an oxidizing agent 
to donate electrons and a reducing agent to accept electrons (Kohen and Nyska, 2002). Any 
compound capable of accepting electrons can be categorized as an oxidant and are natural 
components of aerobic life (Kohen and Nyska, 2002). Normal, healthy physiological conditions 
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maintain pro- and antioxidant balance in the body, but under certain states or conditions an 
imbalance may occur (Yu, 1994).  
Reactive oxygen species (ROS) is a collective term referring to oxygen containing 
molecules with an unpaired electron(s) or free radical. Examples of ROS include superoxide 
anion radicals and hydroxyl radicals or non-radicals that are reactive and can be converted to 
radicals, such as hydrogen peroxide (Table 1.1) (Halliwell and Gutteridge, 2015a). These ROS 
molecules vary in degree of reactivity with the hydroxyl radical (OH•) being the most reactive 
and the superoxide anion (O•2-) being least reactive (Sies, 1985; Halliwell and Gutteridge, 
2015a).  
Production of ROS 
Oxygen exists in the atmosphere as a diatomic molecule and is consumed by living 
organisms as dioxygen (O2) (Halliwell and Gutteridge, 2015a). In aerobic, or oxygen requiring 
cells, oxygen is required to efficiently produce energy via the electron transport chain (Halliwell 
and Gutteridge, 2015a). The oxygen required for aerobic function, however, also can result in 
ROS, that are constantly formed as byproducts of normal, physiological cellular metabolism and 
from exogenous sources (Harman, 1956; Harris et al., 1992; Sies, 1997; Apel and Hirt, 2004). 
Oxidative stress is caused by ROS; however, ROS do not always cause OS and damage. For 
example, “low” levels of OS may stimulate cell proliferation and moderate levels of OS can lead 
to increased synthesis of protective endogenous antioxidants (Halliwell and Gutteridge, 2015). 
Typically, only “high” levels of OS result in OS, damage, cellular injury, and cellular senescence 
(Halliwell and Gutteridge, 2015). The issue with these classifications is “low” or “high” levels of  
OS are rarely defined, impeding straightforward interpretation of OS measures. Additionally,   
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Table 1.1. Reactive Oxygen Species1 
Name Chemical Abbreviation Common Sources 
Radicals 
Oxygen (bi-radical) O2•• Earth’s atmosphere 
Superoxide anion radical O2•- Oxidase enzymes, ETC, TM 
Hydroxyl radical OH• Oxidase enzymes, TM, homolytic fission 
Peroxyl radical ROO• Lipid peroxidation, peroxide decomposition2 
Alkoxyl radical RO• Lipid peroxidation, peroxide decomposition2 
Nitric oxide NO• Arginine+NOS, hemoglobin reduction 
Non-radicals 
Hydrogen peroxide H2O2 Oxidase enzymes, SOD 
Organic peroxide ROOH Enzymes, peroxyl radical reduction 
Hypochlorous acid HOCL Respiratory burst 
Ozone O3 Earth’s atmosphere 
Aldehydes HCOR Diet, protein and lipid oxidation 
Singlet oxygen 1O2 Excitation energy 
Peroxynitrite ONOO- NO• + O2•- 
1 ETC: electron transport chain; TM: transition metals; NOS: nitric oxide synthase; SOD: 
superoxide dismutase. 
2 Peroxide decomposition due to heat, UV light, or metals 
 
 
while ROS are typically thought of as harmful in the body, their production at certain levels 
serve physiological functions in cell signaling and processes including enzymatic reactions and 
antimicrobial actions (Finkel, 1998).  
Exogenous Sources of ROS 
Many exogenous molecules and environmental exposures can initiate reactive species 
production. For example, the Earth’s atmosphere harbors numerous molecules that, when 
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inhaled, promote production of ROS. Dioxygen, the oxygen in the atmosphere, plays a role in 
damaging important enzymes and molecules through a process known as auto-oxidation (Kohen 
and Nyska, 2002; Halliwell and Gutteridge, 2015a). Many molecules can be auto-oxidized 
including several neurotransmitters such as dopamine, serotonin, and adrenaline resulting in 
altered function (Friedman, 2011). Because dioxygen is poorly reactive alone, most auto-
oxidation reactions are catalyzed by transition metals in the body, namely iron, copper, and 
manganese (Halliwell and Gutteridge, 2015a). Ozone (O3), another ROS present in the 
atmosphere, uses its oxidizing properties to damage epithelial cells in the respiratory tract and 
cause irritation (Bhalla, 1999). ROS also can be produced in response to various types of 
radiation, such as γ radiation, that ionizes intracellular water, producing ROS (Sies, 1997; Kohen 
and Nyska, 2002).  
In addition to environment, diet contributes to production of ROS. Alcohol and antibiotic 
drugs can produce ROS and food provides one of the biggest sources of oxidants, often in the 
form of peroxides, aldehydes, and transition metals (Ames, 1986; Kohen and Nyska, 2002). 
Studies have shown that diets higher in cholesterol, sugar, fat, and refined carbohydrates 
(compared to diets lower in these nutrients) all lead to increased production of ROS (Slim et al., 
1996; Faure et al., 1997; Roberts et al., 2000). Chemical reactions involved in OS are presented 
in Table 1.2. Excess transition metals in the diet, such as iron, also can favor the production of 
ROS through the Fenton reaction (Table 1.2, reaction 1) (Fenton, 1894; Kohen and Nyska, 
2002). Copper imbalance also can lead to formation of damaging ROS when it is reduced to its 
cuprous (Cu+) form (Table 1.2, reaction 2) that can then catalyze formation of a hydroxyl radical 
(Table 1.2, reaction 3) (Gaetke and Chow, 2003). Iron and copper are specifically required by 
several enzymes in the body, including catalase and superoxide dismutase (both antioxidants); 
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therefore, iron and copper deficiencies also may induce OS (Gaetke and Chow, 2003; Puntarulo, 
2005; Halliwell and Gutteridge, 2015c). For example, copper deficiency in rats resulted in a 46% 
reduction in liver SOD activity (Cockell et al., 2005) while copper overload leads to elevation in 
lipid peroxidation by as much as 4 times higher than controls (Ozcelik et al., 2003). 
Table 1.2. Chemical reactions involved in oxidative stress. 
Reaction 
Number 
Chemical Reaction 
1 Fe2+ + H2O2 + H+ → Fe3+ + OH• + H2O 
2 O2- + Cu2+ → O2 + Cu+ 
3 Cu+ + H2O2 → Cu2+ + OH- + OH• 
4 X• + Y → X+ + Y•- 
5 X• + Y → X- + Y•+ 
6 CH + OH• → C• + H2O 
7 X• + Y → XY• 
8 H2O2 + 2GSH → 2H2O + GSSG 
9 GSSG + NADPH + H+ → 2GSH + NADP+ 
10 2O2-• + 2H+ → H2O2 + O2 
11 2H2O2 → 2H2O + O2 
 
Endogenous Production of ROS 
Although organisms are exposed to exogenous sources of ROS on a daily basis, 
endogenous sources are constantly present from cellular activity in the body (Kohen, 1999). The 
major site of ROS production in cells is the mitochondria via the electron transport chain (ETC) 
(Garcia-Ruiz et al., 1995; Fleury et al., 2002). The electron transport chain uses reduced 
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) molecules 
generated from glycolysis and the citric acid cycle to form the energy substrate, adenosine 
triphosphate (ATP) (Campbell and Farrell, 2011). This energy production is accomplished 
through a series of four protein complexes that pass electrons through the chain, ultimately 
reducing molecular oxygen to water (Figure 1.1) (Liu et al., 2002; Campbell and Farrell, 2011). 
The four electron carrier complexes are defined as complex 1 (NADH-Coenzyme Q Reductase), 
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complex II (Succinate Dehydrogenase), complex III (Coenzyme Q-Cytochrome c Reductase), 
and complex IV (Cytochrome c Oxidase).  
 
Figure 1.1. Movement of electrons through the electron transport chain. FMN= flavin 
mononucleotide; FAD=flavin adenine dinucleotide; CoQ=coenzyme Q; Cyt=cytochrome. 
Adapted from (Gropper and Smith, 2013). 
 
Production of ROS during this process occurs when electrons escape, or “leak”, and react 
with molecular oxygen, forming ROS, most often the superoxide anion (Ames et al., 1995; 
Garcia-Ruiz et al., 1995; Evans et al., 1997; Liu et al., 2002). Typically complexes I and III are 
thought to contribute most to electron leakage. Complex III, the major contributor of electron 
leakage, receives electrons from reduced coenzyme Q (CoQ) and transfers them to cytochrome c 
via iron-sulfur clusters. This transfer of two electrons must take place one at a time, however, 
and results in the formation of semiquinone radicals which may leak, or donate, electrons to 
oxygen if present (Kowaltowski et al., 2009). While few electrons leak from complex I during 
normal ETC functioning (Lenaz et al., 2006), leakage can occur upon exposure to complex I 
inhibitors, found in many insecticides and pesticides, that prevent electron flow and cause 
electrons to escape, primarily through its flavin mononucleotide (FMN) moiety (Jastroch et al., 
2010).   
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Enzyme reactions are another endogenous source of ROS. For example, superoxide anion 
and hydrogen peroxide are ROS byproducts produced from several enzyme reactions. One of 
these enzymatic reactions involves xanthine oxidase (XO). During purine catabolism, XO 
oxidizes hypoxanthine to xanthine and then xanthine to uric acid resulting in production of both 
superoxide anion and hydrogen peroxide (Cos et al., 1998; Canas, 1999). Nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase is an enzyme found in a wide variety of cells that acts 
as an oxygen sensor and produces ROS for signal transduction or for killing invading pathogens 
by catalyzing the formation of superoxide anion from oxygen (Babior, 1999). Additionally, 
disease states may serve as major sources of ROS as more than 200 clinical disorders are 
initiated by, or result in, ROS production (Kohen and Nyska, 2002).  
Oxidative Damage 
 Oxidative damage is defined as “biomolecular damage that can be caused by direct attack 
of reactive species during oxidative stress” (Halliwell and Whiteman, 2004). Unpaired electrons 
in some ROS make them highly reactive, causing interaction with other molecules in order to 
lose or gain an electron or hydrogen atom for stabilization (Figure 1.2) (Kohen and Nyska, 2002; 
Halliwell and Gutteridge, 2015a). While this electron transfer stabilizes the original free radical, 
it generates a second free radical on the molecule with which it interacts. Mechanisms by which 
this second radical is created are outlined in Table 1.2 and include a donated electron (reaction 
4), abstracted electron (reaction 5), abstracted hydrogen atom (reaction 6), and joining of a 
radical to a molecule (reaction 7) (Halliwell and Gutteridge, 2015a). Cellular damage due to 
ROS can occur in any biological material but is mostly seen in lipids, proteins, and DNA (Sies, 
1985; Harris et al., 1992; Storz and Imlay, 1999). While general mechanisms of OS have been 
established, few markers have been directly evaluated in exotic species. 
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Figure 1.2. Interaction of free radicals with other molecules to gain an electron for stabilization, 
creating a new radical. Adapted from (Maxwell, 1995). 
 
Lipid Damage 
Fatty acids comprise the majority of biological membranes in the form of phospholipids, 
many of which are unsaturated, containing at least one double bond (Sies, 1986). These double 
bonds weaken hydrogen-carbon bonds leaving them susceptive to hydrogen abstraction by ROS. 
This process is termed lipid peroxidation (Catalá, 2010). Hence, more double bonds within a 
lipid structure increases susceptibility to oxidative damage, making polyunsaturated fatty acids 
(PUFA) highly vulnerable. A series of reactions (Figure 1.3) result in lipid peroxidation, 
producing peroxides. Peroxides, although neutralized, are not stable and can be decomposed via 
heat or transition metals to form alkoxyl and hydroxyl radicals (Sevanian and Hochstein, 1985; 
Evans et al., 1997; Halliwell and Gutteridge, 2015c). Alternatively, a cyclic peroxide can be 
formed when a fatty acid contains multiple double bonds and abstracts a hydrogen atom from 
within the same fatty acid, leading to formation of aldehydes and isoprostanes (Schneider, 2010).  
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Figure 1.3. Basic reaction sequence of lipid peroxidation. Adapted from (Young and McEneny, 
2001). 
 
Disruption in membrane phospholipids through lipid peroxidation can negatively impact 
many functions and processes including reduction in membrane fluidity, disruption of barrier 
function, and disruption of several membrane processes such as electron transport, protein 
receptors and ion channels (Evans et al., 1997). Alteration of these processes can be detrimental 
by changing cell function and may be an underlying cause of physiological conditions such as 
atherosclerosis, brain function, and many other diseases (Davies, 2000). In animals and humans, 
increases in lipid damage have been correlated to reproductive issues (Brzezinska-Slebodzinska 
et al., 1995), brain dysfunction (Park et al., 2010), and even diseases such as atherosclerosis 
(Stocker and Keaney, 2004). These issues have been evaluated in humans and domestic species, 
especially reproductive issues which have been investigated in relation to lipid peroxidation in 
many species including pigs (Brzezinska-Slebodzinska et al., 1995), rabbits (Yousef et al., 2003), 
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dogs (Hatamoto et al., 2006), and humans (Shiva et al., 2011), generally finding sperm quality to 
decrease with increasing lipid peroxidation. Additionally, brain dysfunction and lipid 
peroxidation has been a focus area of research in rodent species (Haque et al., 2006; Park et al., 
2010; Praticò et al., 2001). Lipid peroxidation has not been well investigated in exotic animals 
and, given impacts seen in other species, deserves evaluation in these species. 
Protein Damage  
Proteins are major targets of reactive species because of their abundance and high 
reaction rates in the body (Davies, 2016). Proteins can be oxidatively damaged through attack of 
the peptide bond or oxidation of specific amino acid side chains. Methionine and cysteine are 
two amino acids particularly prone to damage due to easily oxidizable sulfur atoms, resulting in 
formation of disulfide bonds. The amino acids histidine, tryptophan, tyrosine, and phenylalanine 
can be damaged via cleavage of their ring structures (Sies, 1986; Berlett and Stadtman, 1997; 
Grune et al., 1997). The abundance and variation of protein molecules in the body, including 
enzymes, transcription factors, receptors, and ion channels provides ample opportunity for 
oxidative damage. Oxidative modification and damage to proteins results in altered gene 
expression, protein misfolding, loss of enzymatic function, alterations in receptors, ion channel 
modification, protein aggregates, or changes in membrane potential and integrity, ultimately 
changing or inhibiting cellular function (Kohen and Nyska, 2002; Chondrogianni et al., 2014). 
Disulfide bond formation or recombination of radicals formed via amino acid side chain 
oxidation can alter enzyme function through protein cross-linkages (Grune et al., 1997). 
Additionally, fragmentation of proteins occurs when attack by a free radical on the α-carbon 
creates a carbon-centered radical. This radical can react with oxygen to create a peroxyl or 
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alkoxyl radical that is later cleaved, leaving protein fragments and protein carbonyls (PC) 
(Davies, 1987; Grune et al., 1997).  
Protein damage from OS has been linked with brain dysfunction (Alam et al., 1997), 
chronic renal failure, and arthritis (Dalle-Donne et al., 2003). For example, cognitive impairment 
was correlated with protein carbonyls in the brain of mice with a correlation coefficient as strong 
as 0.77 (Forster et al., 1996) and humans with chronic renal failure had more than 15 times 
higher plasma protein carbonyl concentrations compared to normal controls (Himmelfarb et al., 
2000). Previous work has mainly involved humans and rodents, but connections may also exist 
in other species and should be evaluated.  
DNA Damage 
 Free radicals can damage DNA via base and sugar modifications. Because DNA is stable 
and well-protected in histones only strong free radicals, such as the hydroxyl radical, typically 
cause damage (Kohen and Nyska, 2002; Cooke et al., 2003). Oxidative damage to DNA can 
occur via ROS electron abstraction from the base or sugar backbone, resulting in DNA radicals, 
or via hydroxyl radical addition to bases (Hemnani and Parihar, 1998; Evans et al., 2004). Base 
radicals, most often occurring in guanine, remain in the DNA strand and are later hydrolyzed or 
repaired individually. Sugar radical formation can result in bases and parts of the sugar backbone 
being released from the DNA, leading to strand breaks (Sies, 1986; Hemnani and Parihar, 1998). 
Damage to DNA caused by ROS can have severe consequences including mutations, 
mismatched base pairings, and strand breaks that cause lesions and alter gene expression (Evans 
et al., 2004). The complete loss of a base can be lethal (Schulte-Frohlinde and Von Sonntag, 
1985). Furthermore, through modification of cellular proteins, DNA damage can influence nearly 
every function of a cell.  
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In previous work investigating OS and DNA damage in animals and humans, oxidative 
DNA/RNA damage has been linked with cancer, atherosclerosis, diabetes, and Alzheimer’s 
disease (Nunomura et al., 1999; Wu et al., 2004). In humans, oxidative DNA damage was nearly 
10 times higher in malignant breast tissue (2.44 pmol/µg) compared with normal breast tissue 
(0.25 pmol/µg) in 75 women (Musarrat et al., 1996). Additionally, oxidative DNA damage in 
humans with diabetes mellitus was as much as 3 times higher than non-diabetic controls 
(Leinonen et al., 1997; Hinokio et al., 1999). Again, much of this work has been focused on 
humans; however, results and mechanisms may pertain to animals across various taxa and 
warrant investigation.  
1.3 Dietary Influence on Oxidative Stress 
Environmental and physiological factors including temperature (Altan et al., 2003; Ali et 
al., 2005), UV light, ionizing radiation, pesticides, pharmaceutical drugs (Limón-Pacheco and 
Gonsebatt, 2009), anxiety (Bouayed et al., 2009), and psychological stress (Epel et al., 2004; 
Aschbacher et al., 2013) can all induce OS; therefore, total avoidance can rarely be achieved. 
Thus, another oxidative defense system is necessary. This defense comes in the form of various 
antioxidants, defined as substances whose presence in relatively low concentrations significantly 
inhibits the rate of oxidation of biological targets (Maxwell, 1995). 
Diet can cause or exacerbate OS or can also mitigate it through contribution of 
antioxidants. Reducing overall caloric intake also has potential to lower oxidative damage 
(Harman, 1978) as with rodents fed diets restricted in calories by 40% (Sohal et al., 1994; 
Gredilla et al., 2001). This may be due to depression of metabolic rate that lowers oxygen 
consumption and retards ROS production and damage associated with normal metabolism 
(Harman, 1981; Gonzales-Pacheco et al., 1993; Chen and Pal Yu, 1994; Sohal et al., 1994; Sohal 
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and Weindruch, 1996). Balanced and appropriate trace mineral consumption is another dietary 
component that can aid in the defense against ROS and oxidative damage. Iron, copper, zinc, 
manganese, and selenium are all functionally necessary components of antioxidant enzymes that 
scavenge and neutralize free radicals (Sies, 1985). Most notably, diet mitigates OS through the 
consumption of antioxidant-containing fruits and vegetables (Ames et al., 1993). Without 
established vitamin or mineral requirements, evaluation of dietary nutrients and their influence 
on OS can be used as one marker to evaluate dietary adequacy and refine recommendations.  
Antioxidants 
 Oxidative stress not only results from excessive pro-oxidants, but also from diminished 
antioxidants (Halliwell and Gutteridge, 2015). Under normal physiological conditions, OS is 
avoided through the body’s elaborate antioxidant defense system (Yu, 1994; Maxwell, 1995) that 
can be broadly classified into two categories: enzymatic and non-enzymatic (also called low 
molecular weight antioxidants) (Sies, 1997). Some antioxidants, such as vitamins, are supplied 
directly from the diet. Other antioxidants don’t come directly from the diet, but dietary nutrients, 
such as amino acids and minerals, are required for internal synthesis or function.  
Non-enzymatic Antioxidants 
Non-enzymatic antioxidants come directly from the diet or may be synthesized from 
dietary amino acids, such as glutathione (Wu, 2009). Non-enzymatic antioxidants are a broad 
class of antioxidants that function to prevent ROS formation by binding molecules with unpaired 
electrons (Maxwell, 1995; Luza and Speisky, 1996) or scavenging ROS by preferentially 
reacting with and neutralizing free radicals before they can damage biomolecules (Sies, 1986; 
Yu, 1994). Glutathione is a scavenging antioxidant that, in its reduced form (GSH), readily 
donates electrons to ROS when catalyzed by glutathione peroxidase (GPx), producing oxidized 
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glutathione (GSSG) (Table 1.2, reaction 8). A myriad of functions involve GSH, ranging from 
DNA synthesis to metabolism (Meister and Anderson, 1983). Under conditions of OS, 
intracellular GSSG increases greatly as GSH is needed to detoxify ROS, making the ratio of 
GSH:GSSG an indicator of OS (Meister and Anderson, 1983; Storey, 1996). This also makes 
GPx important in OS as GSH cannot function as an antioxidant without it. Once the 
neutralization of ROS has occurred, GSSG must be reduced back to GSH in order to restore the 
reducing power of the cell (Storey, 1996). This reduction is catalyzed by glutathione reductase 
(GR) (Table 1.2, reaction 9). This synergy involving GPx and GR is required for GSH to reach 
its full antioxidant potential.  
 Other non-enzymatic scavenging antioxidants include vitamins. Vitamin A is a fat-
soluble vitamin that has two broad classes, retinoids and carotenoids. Retinoids are derived from 
animal tissues and are not thought to play any appreciable role as antioxidants. Carotenoids, 
however, have direct antioxidant properties and can quench singlet oxygen and free radicals in 
the lipid membrane (Combs Jr., 2012). The mechanism by which this is accomplished involves 
conjugated double bonds in the structure of carotenoids that delocalize the unpaired electron of a 
free radical, neutralizing it (Stahl and Sies, 2003; Müller et al., 2011). The resulting carotenoid 
free radical is relatively unreactive and can be excreted or re-reduced to restore antioxidant 
function. Effect of dietary carotenoids on animal health have been investigated in exotic 
amphibian species and have been found to postively impact growth (Li et al., 2009; Brenes-Soto 
and Dierenfeld, 2011; Ogilvy et al., 2012); however, markers of OS have not been evaluated in 
relation to carotenoids and growth in exotic species.  
Vitamin E, another fat-soluble vitamin, in its most biologically available form, α-
tocopherol (α-TOH), is the most widely distributed antioxidant in nature (Yu, 1994; Gropper and 
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Smith, 2013). The structure of α-TOH lends itself to the scavenging of free radicals because of a 
chromanol ring system that readily donates electrons (Combs Jr., 2012). Through donation of 
one electron, α-tocopheroxyl (α-TO•) is formed which can be re-reduced back to α-TOH to 
function again as a potent antioxidant. Alternatively, α-TO• can donate its remaining electron to 
form an inactive molecule, α-tocopherylquinone, disabling the antioxidant capacity of that 
molecule (Combs Jr., 2012). The antioxidant power of vitamin E has been reported in studies 
involving rodents. Vitamin E deficiency has been associated with an 88% increase in plasma 
lipid peroxidation (Terada et al., 2011) and rats supplemented with 500 IU/kg vitamin E had less 
than half the concentration of protein carbonyls compared with controls counterparts fed 42 
IU/kg (Wu et al., 2010). 
Vitamin C (ascorbic acid) is a major water-soluble antioxidant with one of the strongest 
reducing potentials because after donation of two electrons it can be fully re-reduced (Combs Jr., 
2012). With donation of one electron, ascorbic acid becomes an ascorbyl radical that can donate 
a second electron, forming dehydroascorbic acid. Dehydroascorbic acid (DHA) can be reduced 
back to ascorbic acid in the presence of other antioxidants, such as GSH, and continue its 
function as an antioxidant (Gropper and Smith, 2013). Although vitamin C is a water-soluble 
antioxidant, it functions to protect lipid membranes through neutralization of ROS in the aqueous 
phase before damage at the membrane can occur and through restoration of functional α-TOH 
via electron donation (Gropper and Smith, 2013) (Figure 1.4). Dietary vitamin C has resulted in 
the reduction of protein carbonyls and lipid damage by as much as 72% in guinea pigs (Barja et 
al., 1994) and protected against damage induced by cytotoxic agents in rats (Greggi Antunes et 
al., 2000). 
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Antioxidants are typically thought of as a system opposed to individual entities. Both 
enzymatic and non-enzymatic antioxidants work in concert to neutralize ROS and can spare each 
other when one is more available. This can be seen when GSH concentration is maintained when 
vitamin C is supplemented in higher amounts, indicating a sparing effect among antioxidants 
(Johnston et al., 1993). In addition to directly reducing ROS, antioxidants also can regenerate 
(reduce) other low molecular weight antioxidants that have donated electrons (Yu, 1994). When 
α-TOH donates an electron to neutralize a ROS at the cell membrane, vitamin C and GSH can 
reduce α-TO• and are themselves re-reduced intracellularly (Figure 1.4). Carotenoids also can 
reduce α-TO• and are then reduced by vitamin C (Young and Lowe, 2001). Along with vitamin 
C and GSH, enzymatic antioxidants play key roles in the water-soluble antioxidant defense 
system. This has been demonstrated in humans when vitamin E (Combs Jr., 2012) and vitamin C 
(Johnston et al., 1993) are supplemented in the diet and result in an increase in other antioxidants 
such as glutathione by nearly 50%. 
Enzymatic Antioxidants 
Enzymatic antioxidants catalyze reactions that reduce reactivity or completely neutralize 
reactive species. These enzymes are produced endogenously but require dietary minerals such as 
iron, copper, or selenium for structural or catalytic function; therefore, dietary deficiencies in 
these minerals can reduce enzymatic activity and antioxidant defense (Gaetke and Chow, 2003; 
Fang et al., 2015). Generally, antioxidant enzymes can be characterized by organ and 
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Figure 1.4. Interaction of lipid and water-soluble antioxidants which form the cellular antioxidant 
defense system. GSH=glutathione; GSSG=oxidized glutathione; GPx=glutathione peroxidase; 
SOD=superoxide dismutase; AA=ascorbic acid; DH-AA=dehydroascorbic acid; α-TOH= α-
tocopherol; α-TO•= α-tocopheroxyl radical; α-TQ= α-tocopherylquinone. Adapted from (Combs 
Jr., 2012). 
 
subcellular-specific locations, high specific cellular content (Sies, 1986), or metal co-factors 
(Sies, 1985). Antioxidant enzymes work and exist in a coordinated system to neutralize ROS 
with three major classes including superoxide dismutase (SOD), catalase, and GPx (Sies, 1986; 
Yu, 1994; Maxwell, 1995; Sies, 1997). 
Superoxide dismutase is the primary enzymatic defense against OS because it dismutates 
the reactive O2-• to the less reactive hydrogen peroxide (H2O2) (Table 1.2, reaction 10). This 
enzyme exists in virtually all eukaryotic oxygen respiring organisms in two forms. These forms 
are defined by their metal co-factors and differ in intracellular locations but catalyze the same 
reaction. Copper/zinc-SOD (CuZn-SOD) is located in the cytosol of the cell while manganese-
SOD (Mn-SOD) resides in the mitochondria (Figure 1.5) (Yu, 1994). Because mitochondria are a 
major source of ROS production, Mn-SOD plays a vital role in OS protection due to its location. 
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This is demonstrated in Mn-SOD knockout mice developing dilated cardiomyopathy and 
neonatal death in the first three weeks of life, indicating that Mn-SOD is essential for biological 
function (Li et al., 1995). While not essential for life, CuZn-SOD is present in the body at twice 
the level of Mn-SOD (Marklund, 1980). Mice with a CuZn-SOD knockout develop normally 
without pathological conditions; however, they are more susceptible to myocardial ischemia-
reperfusion injury and embryonic mortality during pregnancy (Ho et al., 1998; Ghoshal et al., 
1999). Dietary deficiencies of metal co-factors (copper, zinc, and manganese) also can be 
detrimental to SOD, resulting in oxidative damage and mitochondrial dysfunction (Fang et al., 
2015).   
 While SOD detoxifies the superoxide anion radical, it also produces H2O2, another ROS. 
The catalysis and further neutralization of H2O2 to water is shared between catalase (Table 1.2, 
reaction 11) and GPx (Table 1.2, reaction 8) (Figure 1.5). These two enzymes perform the same 
function but do so under different conditions. In states of low H2O2 levels, GPx is the preferential 
enzyme while higher levels of H2O2 favor catalase activity. There are also co-factor and location 
differences between these two enzymes. There are five forms of GPx in mammalian tissues. Four 
of these are selenium-dependent and are localized in several locations including the cytosol, 
mitochondria, and extracellular space (Matés et al., 1999). The sole GPx isoenzyme that is 
selenium-independent is found in the epididymis (Matés et al., 1999). Catalase contains four 
heme molecules; therefore, requires iron for function, and is localized in peroxisomes 
(Deisseroth and Dounce, 1970; Yu, 1994). These two enzymes are not essential for life and, 
similar to CuZn-SOD knockout mice, catalase knockout mice and GPx knockout mice develop 
normally but show a higher susceptibility to tissue injury (Yoshida et al., 1997; Ho et al., 2004). 
These enzymes are greatly affected by dietary iron (Yoo et al., 2009) and selenium (Tapiero et 
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al., 2003) and deficiencies can reduce catalase and GPx activities, respectively. Without 
established enzyme ranges for individual species, measure of antioxidant enzymes aren’t 
straightforward as activity may increase in response to OS for cellular protection (Halliwell and 
Gutteridge, 2015b) or may decrease when other antioxidants are present at higher concentrations 
(Combs Jr., 2012).  
 
 
Figure 1.5. Generation of ROS via the mitochondria, cytosol, and peroxisome and antioxidant 
defenses. GSH=glutathione; GSSG=oxidized glutathione; GPx=glutathione peroxidase; 
GR=glutathione reductase; SOD=superoxide dismutase; MPO=myeloperoxidase; 1O2: singlet 
oxygen. Adapted from (Matés et al., 1999). 
 
Though the body contains a thorough antioxidant defense system, OS can be induced by 
environment, diet, and disease factors that can impact many organs and functions. While exact 
causes of ROS production by specific organs are not fully understood, it is known that highly 
reactive ROS, namely OH•, will cause damage at site of production. Certain organs and 
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processes also provide favorable environments for oxidative damage through direct ingestion of 
oxidants, requirement of oxidants or antioxidants, or presence of oxidizable substrates.  
1.4 Measures of Oxidative Stress 
 Oxidative stress can be measured directly via ROS quantification using electron spin 
resistance/trapping or fluorescent probes, or indirectly through measurement of non-enzymatic 
and enzymatic antioxidants or oxidative damage products (Figure 1.6) (Poljsak et al., 2013). 
Measurement of ROS directly is difficult as these molecules are not stable. For this reason, 
indirect measurements are more reliable and accurate (Poljsak et al., 2013). Vitamins, including 
A, E, and C, are common non-enzymatic antioxidants commonly measured in investigation of 
OS with vitamin E thought to be the most effective antioxidant in modulating OS (Gropper and 
Smith, 2013). Catalase, SOD, and GPx are the most commonly measured enzymatic antioxidants 
(Michiels et al., 1994). While catalase and GPx catalyze the same reaction, GPx is the most 
efficient antioxidant enzyme and has additive affects with SOD (Michiels et al., 1994).   
Measures of oxidative damage most often include products of lipid, protein, and 
DNA/RNA damage, all of which have multiple possible measures (Figure 1.6). Lipid damage is 
most commonly measured via thiobarbituric acid reactive substances (TBARS), which quantifies 
aldehydes such as malondialdehyde (MDA). It is considered simple, sensitive, and reproducible; 
therefore, often used to evaluate OS (Halliwell, 2000). Protein carbonyl’s are the most 
commonly used measure to evaluate oxidative protein damage by determination of presence of 
stable carbonyls (aldehydes and ketones) which form during oxidation of amino acids (Dalle-
Donne et al., 2003). Though all DNA and RNA bases can be oxidized, guanine is most 
susceptible and, therefore, most commonly studied (Evans et al., 2004). Guanine damage 
products are formed via addition of the hydroxyl radical via double bonds in the base (Cooke et 
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al., 2003) forming damage products 8-hydroxy-2’-deoxyguanosine, 8-hydroxyguanosine, 8-
hydroxyguanine which are measured in DNA/RNA oxidation quantification. Research studies 
have utilized many of these measures, and various combinations across animal species to assess 
impact of OS on various diseases and phenotypes. 
 
Figure 1.6. Methods of measuring and determining oxidative stress. Adapted from (Poljsak et al., 
2013). (8-OHG) = 8-hydroxyguanosine; 4-HNE = 4-Hydroxynonenal; MDA = malondialdehyde; 
PC = protein carbonyl content; AGE = advanced glycation end products; AOPP = advanced 
oxidation protein products. 
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1.5 Oxidative Stress and Physiological Function 
Growth 
Intestinal tissues are vulnerable to oxidative damage because of their near constant 
exposure to environmental oxidants and endogenous ROS production (Kohen, 1999). The 
transition of intestinal cells through proliferation, migration, differentiation, and apoptosis are 
associated with oxidation status of intracellular GSH (Jones, 2006). High rates of GSH oxidation 
increases GSSG levels which may result in accelerated cellular transition between proliferation, 
differentiation, and apoptosis phases (Circu and Aw, 2012). This accelerated cell turnover can 
weaken the epithelial barrier and increase intestinal permeability of pathogens and elicit an 
inflammatory response (Williams et al., 2015).  
Growth can also be impacted by inflammation caused by OS via reduced feed intake and 
metabolism alterations. Both feed intake and metabolism are impacted in the inflammatory 
process due to pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis 
factor-alpha (TNF-α) (Johnson, 1997). Inflammation leads to a reduction in feed intake (Klasing 
and Johnstone, 1991; Weingarten, 1996) via action of cytokines directly on the central nervous 
system (Weingarten, 1996). It has been theorized that pro-inflammatory cytokines act on brain 
neurons involved in appetitive peptide production via IL receptors to influence food intake 
(Francesconi et al., 2016). Pro-inflammatory cytokines also repartition nutrients away from 
muscle accretion and growth to support and enhance the immune response (Klasing and 
Johnstone, 1991). 
Oxidative stress also has been shown to reduce dry matter, crude protein, and fat 
digestibility by as much as 13.8, 14.4, and 16.8%, respectively in pigs (Shi-bin et al., 2007) while 
supplementing antioxidants in the diets of pigs (Yan et al., 2010) chickens (Sahin et al., 2002; 
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Brenes et al., 2010) and quail (Sahin and Kucuk, 2001) increased dry matter, crude protein, and 
fat digestibility all by as much as 8%. Antioxidants also aid growth by improving average daily 
gain (Yan et al., 2010), feed efficiency (Sahin and Kucuk, 2001), and feed to gain ratios (Brenes 
et al., 2010) by at least 4.7, 2.4, and 3.1%, respectively. Oxidative damage to biomolecules also 
can reduce growth. Lipid peroxidation, protein damage, and damage to DNA all have potential to 
cause cell death and tissue damage (Halliwell and Gutteridge, 2015b). African catfish (Cluuias 
gariqinus) fed 6,354 ppm of iron showed increased levels of lipid peroxidation in muscle, liver, 
and heart and a 10.3% reduction in growth rate compared to those fed 664 ppm of iron in a five-
week trial (Baker et al., 1997). Similar results of increasing OS and reduced growth have been 
seen in a variety of species from other fish species (Farag et al., 2006) to pigs (Yin et al., 2015) 
and plants (Kacienė et al., 2015).  
Impacts of OS on growth have been investigated in several livestock and commercially 
farmed species due to goals of rapid and maximal growth rates. While some investigation of 
obesity and OS has been conducted with companion animals (Laflamme, 2006), a paucity of 
research exists for impacts of OS on growth in exotic species. Correlation between OS and 
growth in exotic species may differ from livestock as biologically appropriate growth patterns 
are a main priority rather than production growth. Investigation of OS impacts on growth in 
exotic species should be evaluated and may be a valuable tool in assessment of dietary adequacy 
for young, growing animals.  
Learning and Memory 
 The brain is another organ highly susceptible to OS. The brain is considered “abnormally 
sensitive” to oxidative damage as it has a relatively high oxygen consumption and energy 
production (ATP), produces autoxidizable neutrotansmitters such as dopamine and serotonin, 
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contains high levels of PUFA, and has a mediocre antioxidant defense system (Halliwell, 2001). 
For example, catalase activity is 99.8 and 97.4% lower in human (Marklund et al., 1982) and rat 
(Tian et al., 1998) brain, respectively compared to activity occurring in the liver. Oxidative 
damage to PUFA rich neurons and membranes in the brain can have serious effects and may 
cause neuronal degeneration (Fukui et al., 2002), loss of neurotransmitter receptor sensitivity 
(Joseph et al., 1998), compromised neuroplasticity, and altered neuronal excitability and synaptic 
function (Wu et al., 2010) all of which can lead to decline in learning, memory, and animal 
welfare. Nutritional intervention may mitigate deterioration through supplementation of 
antioxidants or essential fatty acids (Willis et al., 2009). Carotenoids and vitamins C and E are 
known to be strong antioxidants with vitamin E appearing to be one of the first lines of defense 
against oxidative damage in the brain (Kashif et al., 2004) as it can cross the blood-brain barrier 
and accumulate in the central nervous system (Wu et al., 2010). 
Influence of OS on learning and memory has been well studied, most often using rodent 
models, through the use of mazes. Rats exposed to 100% oxygen to produce a hyperoxic state 
and induce OS had 84.5 and 59.3% increases in TBARS and PC concentrations, respectively, in 
brain synaptic membranes compared to controls. This hyperoxic state also resulted in an 
approximate 30% decline in memory retention tested in a Morris water maze (Fukui et al., 2002). 
The same study also assessed impact of dietary vitamin E on learning performance and found 
supplementation reduced average number of errors in a radial arm maze from approximately four 
to one; however, supplementation level was not reported. Additionally, dietary vitamin E 
supplementation (500 IU/kg diet) of healthy and brain injured rats reduced probe marker 
indication of ROS in the cerebellum by 53.6% (Joseph et al., 1998) and lead to reductions in PC 
by more than 50% (Wu et al., 2010), respectively, compared to rats without supplementation. 
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Reduced OS also improved learning in a Morris water maze, reducing time to complete the maze 
by an average of 22.7 seconds (Wu et al., 2010). Joseph and colleagues unfortunately did not 
report dietary levels of vitamin E for the spinach and strawberry supplemented groups in this 
study. While most learning and memory research related to OS has been conducted with rodent 
subjects, dietary antioxidants also have improved learning performance in other species 
including guinea pigs (Tveden-Nyborg and Johansen, 2012), dogs (Milgram et al., 2002), and 
humans (Morris et al., 2002). 
The Association of Zoos and Aquariums (AZA) is an accrediting organization that 
evaluates animal management, health, nutrition, and other husbandry practices as part of its 
rigorous accreditation process every 5 years for all member zoological institutions (AZA, 2017). 
Animal welfare is an increasingly important aspect to AZA accreditation and applies to all 
animals housed in zoos, including animals raised to feed other animals (feeder animals). 
Assessment of learning and memory can serve as indicators of animal welfare (Mendl, Burman, 
Parker, & Paul, 2009), an important consideration in animal management. Interactions between 
dietary vitamin E, OS, learning, and behavior have been investigated in laboratory rats but have 
not been directly assessed in feeder rats bred and raised in zoos. This has potential to impact not 
only feeder animal welfare, but also nutrient composition and diet of carnivores consuming 
feeder rats. 
1.6 Conclusions 
 One major goal of zoological institutions is to sustain species survivability through 
optimal care with enhancements in husbandry to improve longevity and quality of life. The 
knowledge base of exotic animal nutrition and nutrient requirements has improved and expanded 
greatly over the past several decades; however, many gaps remain. While some work has been 
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conducted in relation to recommendations and requirements of micronutrients for zoo-managed 
species, the link between these micronutrients and OS has not been evaluated. Nutrient 
imbalances, while not often life threatening, may be contributing to sub-optimal health, genetics, 
or reproductive capabilities. This is especially true when assessing OS in zoo-managed animals 
as vitamins and trace minerals are often the biggest influencers.  
Based on the reviewed literature, measures of OS that include DNA damage, lipid 
damage, and protein damage can be used across species indicating their value and application for 
evaluation of dietary impact on OS in zoo animals. Although the evaluation of dietary influence 
on OS in zoo animals has not been evaluated, research in domestic animals has demonstrated that 
certain nutrients do affect OS. Many issues that have been correlated with OS in domestic 
animals and humans also are commonly observed in exotic species including growth issues and 
learning performance. Evaluation of OS and its relationship with various diseases and disorders 
in zoo-managed species may help provide answers and solutions for problems yet to be resolved. 
Assessment of dietary nutrients and their role in OS and disease also may facilitate the 
determination of micronutrient requirements for exotic animals. Additionally, effects of 
antioxidants on brain function have rarely been evaluated in zoo-managed animals and have 
potential to improve learning and memory and conservation efforts through heightening mental 
capacity of animals thus enhancing animal welfare.   
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     Abstract: More amphibian species are being brought into managed care as wild populations 
continue to decline. Dietary inadequacies, particularly calcium and vitamin A, in these managed 
amphibians are linked to increased health issues and disease. Oxidative stress (OS) may play a 
role in nutrition-related concerns; therefore, the objectives of this study were to evaluate 
influence of five commercial gut-loading diets on resulting live cricket nutrient composition and 
impact on markers of OS when fed to two zoo-managed toad species. Three sizes of crickets 
(pinhead (0.2 cm), small (0.6 cm), and medium (1.3 cm)) were gut-loaded for 24 hr prior to 
being fed to Puerto Rican crested (PRC) (Peltophryne lemur; n = 40) and Asian spiny (AS) toads 
(Duttaphrynus melanosticus; n = 40) for 46 wks. Dietary treatments fed to crickets included a 
Control (equal parts by weight of fresh chopped carrots, sweet potatoes, and kale) diet or 
commercially available gut-loading diets (Vita Bug® (VB), Repashy, Better Bug (BB), or Hi 
Calcium (HC)). Control crickets were also dusted with calcium and vitamin supplements as per 
the housing institution feeding protocol. Dietary treatment heavily influenced cricket nutrient 
compositions. Calcium concentrations were numerically highest for Control (3.6, 6.4, and 7.9%), 
Repashy (3.3, 4.4, and 3.6%), and BB (1.2, 5.3, and 4.2 %, dry matter basis (DMB)) for pinhead, 
small, and medium crickets, respectively. Control crickets had numerically the highest 
concentrations of retinol (1.6 – 3.4 µg/g) and total carotenoids (3.0 – 87.6 µg/g). Vita Bug 
crickets were numerically lowest in calcium (0.4 – 0.5%), fat (5.6 – 7.6%), and carotenoid 
concentrations (1.8 – 8.5 µg/g) and had highest protein:fat ratios (10.3 – 14.0). Glutathione 
peroxidase (GPx) activity was highest (P = 0.028) in toads fed VB crickets (79.4 – 83.8 
nmol/min/mL) compared to those fed BB crickets (41.9 – 48.7 nmol/min/mL). Concentrations of 
protein carbonyls (PC) were highest (P < 0.001) in Repashy (1.1 nmol/mg) and (P < 0.001) VB-
fed toads (0.9 nmol/mg) compared with the other treatments. Activity of GPx increased with 
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higher dietary protein:fat ratios (R2 = 0.92; P < 0.001) and potassium concentrations (R2 = 0.84; 
P < 0.001) but decreased with increasing dietary retinol (R2 = 0.62; P = 0.007). Concentrations of 
PC were not significantly correlated with dietary nutrient concentrations. While cause and effect 
cannot be determined from correlations presented, data suggest dietary intake of protein, fat, 
potassium, and retinol likely influences OS in amphibians. These nutrients and markers of OS 
should be evaluated in relation to phenotypes, physiologies, and disease states to further evaluate 
impacts of OS in amphibians.  
Key words: amphibian, exotic, gut-loading, redox balance  
2.2 Introduction 
Globally, 32% of amphibian species are listed as threatened or extinct by the 
International Union for Conservation of Nature (Hilton-Taylor et al., 2009). Amphibians in zoos 
serve valuable roles that include connecting guests to issues that face wild counterparts and as 
assurance populations for possible reintroduction to the wild. Zoo-managed amphibian species 
provide opportunity for research to improve diet and husbandry that is critical when considering 
placement of species into assurance population programs. Insectivorous amphibians managed in 
zoos and as pets are typically fed live crickets that appear to be good sources of most nutrients, 
with the distinct exception of vitamins A, D, E, thiamin, and calcium (Finke, 2002; Ferrie et al., 
2014; Finke, 2015). Vitamin A deficiencies and improper calcium to phosphorus ratios (Ca:P) 
have been identified as the most common nutrient deficiencies in insect-based diets (Ferrie et al., 
2014). These deficiencies have contributed to skeletal deformities and metabolic bone disease 
(Ferrie et al., 2014) along with hypovitaminosis A (Pessier, 2013; Odum et al., 2015). However, 
influence of calcium and vitamin A deficiencies have not been evaluated in relation to OS which 
could be an underlying cause and/or effect of deformities. While hypovitaminosis A has been 
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diagnosed in a variety of amphibian species, findings may not apply to all taxa (Pessier, 2013). 
Additionally, dietary carotenoid effects on insectivore health have been investigated (Finke, 
2003; Livingston et al., 2014) and have been found to postively impact amphibian growth (Li et 
al., 2009; Brenes-Soto and Dierenfeld, 2011; Ogilvy et al., 2012b).  
To improve the nutrient profile of crickets for amphibians (Barker et al., 1998), topical 
dusting of supplements or providing nutrient rich gut-loading diets to crickets are typical and 
suggested based on previous research (Livingston et al., 2014). These recommendations have led 
to the development of many new gut-loading diets to the amphibian and reptile care market over 
the last decade. Comparisons regarding effectiveness of many gut-loading diets are lacking, 
particularly beyond resulting nutrient composition of the cricket following supplementation. 
Therefore, evaluation of cricket supplementation adequacy should not only include resulting 
nutrient composition but also measures of insectivore health (Allen and Oftedal, 1989). 
Unknown nutrient requirements of exotic species may easily lead to cases of nutrient 
imbalances and possibly oxidative stress (Sies et al., 2005). Oxidative stress (OS) is a 
disproportionate number of pro-oxidants compared to antioxidants (Sies, 1985; Sies, 1997). Pro-
oxidants, often referred to as reactive oxygen species (ROS), can cause damage and disease 
unless neutralized or cleared by antioxidants such as vitamins A and E. While amphibian nutrient 
intakes, such as vitamin A, have been investigated in relation to metabolic bone disease (Hoby et 
al., 2010), short tongue syndrome (squamous metaplasia) (Pessier, 2013), and growth (Li et al., 
2009), their associations with markers of OS have not been evaluated. Oxidative stress may be 
involved in the etiology of abnormalities associated with diet and evaluation may be useful to 
advancement of managed amphibian care. Therefore, the objectives of this study were to 
evaluate influence of five commercial gut-loading diets on resulting live cricket nutrient 
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composition and impact on markers of OS in two zoo-managed toad species. It was hypothesized 
that crickets would differ in nutrient composition following treatments and toads fed crickets 
higher in vitamin A and E concentrations would have lower levels of OS. 
2.3 Materials and Methods 
All animal procedures were approved by Omaha’s Henry Doorly Zoo & Aquarium’s 
(HDZ) Animal Care and Use Committee (IACUC) before animal experimentation.  
Experimental Design 
 A complete randomized block design was used with toads blocked by species (Puerto 
Rican crested toads (Peltophryne lemur; n = 40) and Asian spiny toads (Duttaphrynus 
melanosticus; n = 40)) and initial size (via visual assessment of body size as obtaining initial 
weights was not feasible). Toads were then randomly assigned to one of five dietary (cricket) 
treatments for 46 wks after which they were humanely euthanized for blood collections.  
Dietary Cricket Treatments 
 Commercially available crickets (Acheta domestica) were received weekly from Bug 
Co™ (The Bug Company, Ham Lake, MN) and were used for treatments 1 through 4 as 
indicated below. Crickets sourced from Vita Bug® (Timberline, Marion, IL), were used for 
treatment 5 throughout the experiment. To match growth and feeding pattern needs of the toads, 
three sizes of crickets were used throughout the study: pinhead (0.2 cm), small (0.6 cm), and 
medium (1.3 cm) crickets. The 5 treatments included: 1) Control diet consisting of equal parts by 
weight of fresh chopped carrots, sweet potatoes, and kale. Control crickets were also dusted with 
calcium (6 d/wk) and vitamin powder (1 d/wk) supplements described below. This was the 
standard feeding protocol that HDZ utilized for managing insectivorous amphibians and reptiles 
and was based on institutionally conducted research (Ploog et al., 2015). Remaining Bug Co™ 
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crickets were gut-loaded with either: 2) Superload (Repashy, Oceanside, CA), 3) Better Bug® 
(BB) (Mazuri, Arden Hills, MN), or 4) Hi Calcium (HC) (Mazuri, Arden Hills, MN). The final 
treatment was 5) Vita Bug® (VB) crickets maintained on Cricket Aid (Timberline, Marion, IL). 
No dusting supplementation was utilized for Repashy, BB, HC, or VB gut-loading treatments as 
manufacturer instructions for these products did not state additional dusting was necessary.  
Crickets were received weekly; therefore, were managed in two periods including a pre-
gut-loading period that was utilized for all crickets prior to the 24 hr gut-load period of treatment 
diets. Crickets were managed in the pre-gut-load period for up to 7 d in ventilated plastic top 
Sterilite® (Townsend, MA) containers measuring 57 x 36 x 31 or 71 x 41 x 33 cm at 23 ± 2°C 
with a photoperiod of 12:12 hours (light:dark). During both the pre-gut-loading and gut-loading 
periods, Vita Bugs® were provided Cricket Aid per manufacturer instructions to supply 
suggested water and nutrients. All Bug Co™ crickets (treatments 1 – 4) were maintained on 
equal parts by weight of fresh chopped carrots, sweet potatoes, and kale throughout the pre-gut-
loading period. Cardboard egg cartons were provided in each container to increase surface area 
and provide darkened hiding areas. All food and water was provided ad libitum in petri dishes 
(11 x 11 x 1 cm). Water was provided to all crickets except VB, via soaked sponges to prevent 
drowning. Dishes were cleaned and refilled daily and holding containers were cleaned weekly. 
Crickets were transferred to plastic gut-loading tanks (33 x 19 x 22 cm) 24 hr prior to 
being fed to toads. This 24 hr gut-load protocol is standard for HDZ based on previous 
institutional research that indicated this practice resulted in optimal mineral composition 
(Dikeman et al., 2006, 2007; Dikeman et al., 2007a,b). VitaBug® and Control crickets were 
provided the same diets in both the pre-gut-loading and gut-loading. Five to 10 min before toad 
feeding, Control crickets were dusted with a powdered supplement that included 0.1 to 0.8 g 
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Calcium Plus (Repashy, Oceanside, CA) per g of live crickets (6 d/wk) or 0.05 to 0.25 g 
Supervite (Repashy, Oceanside, CA) per g of live crickets (1 d/wk). All gut-loading diets were 
stored at 2°C and 35% relative humidity (RH) prior to cricket feeding and dry forms of all 
powdered diets were used (opposed to gel mixtures). Following the 24 hr gut-loading period, 
crickets were fed to toads and sub-sampled for analyses. Sub-sampled crickets were pooled by 
size (1 sample per cricket size) and gut-loading treatment and euthanized via freezing at -20°C 
then stored at -80°C until analyses. 
Diet Composition 
Control crickets were analyzed with proportionate amounts of dusting supplements that 
were added based on calculations of how much dust initially stuck to crickets. This was 
determined by adding weighed amounts of crickets and dusting supplements to a bag, shaking, 
removing dusted crickets, and weighing leftover (non-sticking) dust to determine percent of dust 
that stuck to crickets. This was conducted for each dusting supplement with each size of cricket. 
Crickets were dried at 55°C and ground through a 2-mm screen (Wiley mill, model 3383-L10, 
Thomas Scientific, Swedesboro, NJ). Samples were then analyzed for dry matter (DM; Method 
934.01) and organic matter (OM; Method 942.05; (AOAC, 2006)). Crude protein (CP) was 
determined using a Leco Nitrogen/ Protein Determinator (Method 992.15; model FP-528, Leco 
Corporation, St. Joseph, MI). Fat concentrations were determined by hexane extraction (Method 
991.36; (AOAC, 1995)). Total dietary fiber (TDF) was determined (Prosky et al., 1994) using 
double water bath times after addition of protease for high protein samples. Mineral analyses 
were conducted at Midwest Laboratories [(Omaha, NE) ((Method 985.01) (AOAC, 2006). For 
vitamin analyses, crickets were subsampled, freeze dried (Virtis Freezemobile 25ES, Life 
Scientific, Inc., St. Louis, MO) at -52°C for approximately 1 wk, and stored at -80°C. All 
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chemical analyses were conducted in the nutrition lab at Omaha’s Henry Doorly Zoo and 
Aquarium (Omaha, NE) unless otherwise noted.  
Metabolizable energy (ME) of crickets was estimated using Atwater values (9 kcal/g fat, 
4 kcal/g protein, 4 kcal/g carbohydrate) and modified Atwater values (8.5 kcal/g fat, 3.5 kcal/g 
protein, 3.5 kcal/g carbohydrate) multiplied by fat, protein, and digestible carbohydrate content 
of each dietary treatment (National Research Council, 2006). Modified Atwater values are 
commonly used for labeling purposes of commercial pet foods throughout the US; however, 
regular Atwater values may be better estimates of ME for unprocessed foods (Clauss et al., 2010; 
Iske et al., 2016). Both sets of values were utilized for comparison in the experiment. Nitrogen 
free extract (NFE) was used as an estimate of digestible carbohydrate concentrations using the 
following equation: [100 − (% ash + % CP + % fat + % TDF)]. Crude fiber is typically used in 
this calculation; however, TDF is a more accurate measure of dietary fiber (de-Oliveira et al., 
2012) and results in a more accurate estimation of ME.  
Toads 
Puerto Rican crested (PRC) and Asian spiny (AS) toads were produced via in vitro 
fertilization during an assisted reproductive technologies workshop conducted at HDZ in the Fall 
of 2016. Eggs were hatched to tadpoles and maintained at 25 ± 2°C and 23 ± 2°C water and 
room temperatures, respectively, on a diet of Hikari sinking wafers (Kyorin Food Industry Ltd., 
Himeji, Japan), TetraMin® tropical flake food (Tetra, Blacksburg, VA), and frozen romaine 
lettuce strips, according to standard care protocols for these species. Following metamorphosis, 
toadlets of each species were randomly assigned to 1 of the 5 cricket treatment groups for the 
duration of the study. Toads were group housed by species and dietary treatment in 91-L 
polycarbonate tubs (8 toads/tub) (46 x 66 x 30 cm) at an average room temperature, water 
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temperature, and UV-B index of 23 ± 4°C, 25 ± 2°C, and 11.4 (unitless), respectively, and were 
group fed crickets once per day. Duration for which pinhead, small, and medium crickets were 
fed to toads as well as feeding amounts were determined by animal care staff via ability of toads 
to consume crickets and presence of uneaten crickets. Toad feeding schedule can be found in 
Table 2.1. Pinhead crickets were fed for the first 7 wks of the study, small crickets for the 
following 27 wks, and medium crickets were fed for the last 11 wks of the study. Weight of 
crickets fed increased throughout the study until the last 2 wks when presence of leftover crickets 
was noted for the first time. At the conclusion of the study, toads were fasted overnight and 
euthanized via general anesthetic (MS222) overdose bath (American Association of Zoo 
Veterinarians, 2006). Upon euthanasia, 0.12 to 0.55 mL of arterial blood was collected via 
cardiac puncture into tubes (Microvette® (Sarstedt AG & Co, Nümbrecht, Germany) containing 
lithium heparin. Two toads from each treatment group and species were euthanized in rotating 
order. Blood was centrifuged at 1,000 x g for 10 min to separate plasma which was stored at -
80°C until analyses.  
Markers of Oxidative Stress 
Glutathione peroxidase (GPx) activity (catalog number 703102) and protein carbonyls 
(PC; catalog number 10005020) were evaluated in toad plasma as markers of OS. Commercially 
available assay kits were purchased and used for OS analyses (Cayman Chemical Company 
(Ann Arbor, MI)), performed according to the recommendations of the manufacturer, and 
analyzed via microplate spectrophotometer (Epoch, BioTek Instruments Inc., Winooski, VT). 
Activity of GPx was run in triplicate and PC was run in duplicate, both in 96-well plates. 
Glutathione peroxidase, an antioxidant enzyme, is one of the most commonly analyzed measures 
to evaluate OS. Plasma collected from each individual toad was analyzed for GPx activity (kit 
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number 703102). Activity of GPx was measured in plasma diluted 1:4 with sample buffer and 
was expressed as nmol/min/mL. Due to small blood volumes, plasma was pooled by species and 
dietary treatment group (1 sample for each dietary treatment) in order to analyze for PC (kit 
number 10005020) concentrations, an indicator of oxidative protein damage. Plasma samples for 
PC analysis did not require dilution and data were reported as nmol/mg protein. Protein content 
of pooled blood plasma was determined via bovine serum albumin assay (Smith et al., 1985) 
using the Pierce™ BCA Protein Assay Kit (Thermo Scientific, catalog number: 23227, Waltham, 
MA).  
Statistical Analysis 
 All statistical analyses were conducted using SAS® (SAS Inst. Inc., Cary, NC). Markers 
of OS markers were analyzed as dependent variables in the Mixed Models procedure with 
dietary treatment and species tested as independent variables with the random effect of toad. 
Outliers were tested for and removed from the data set prior to analyses. Regression analyses 
was conducted using Proc Reg of SAS for correlations between dietary nutrients and OS. All 
cricket nutrient compositions are presented descriptively as each size of cricket were analyzed 
once and could not be statistically analyzed. For diet regression analyses, weighted averages of 
cricket composition were taken for pinhead, small, and medium crickets based on feeding 
duration. A cut-off of 0.40 was used for R2 in regression analyses to reflect only significant (P ≤ 
0.050) results which might be clinically relevant. Only significant variables were included in 
final statistical models. 
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2.4 Results 
Cricket Nutrient Composition 
	 Descriptive macronutrient, vitamin A and E, and mineral concentrations of crickets by 
treatment and cricket size are presented in Tables 2.2 and 2.3 on a dry matter basis (DMB). 
Nutrient concentrations of crickets varied between gut-loading diets with majority of high and 
low values measured in either Control or VB crickets. Vita Bug® crickets, on average contained 
21.0 and 44.0% less DM (± SD) (21.2 ± 4.1%) and fat (6.4 ± 1.0%), respectively, compared with 
BB crickets that contained the most DM (26.8 ± 1.3%) and fat (11.6 ± 2.2%). Control crickets, 
on average, contained 23% less protein compared to VB crickets (59.3 ± 8.5 and 76.9 ± 2.0%, 
respectively). Lowest fat and highest protein concentrations in the VB crickets resulted in a 98% 
increase in average protein:fat (12.2 ± 1.9) compared with other treatments which ranged from 
6.1 ± 2.3 to 8.7 ± 1.7. On average, predicted ME of the dietary cricket treatments were within 
20% of each other and ME calculated using unmodified Atwater factors was 13% higher than 
using modified factors. (3.0 – 4.0 ± 0.3 kcal/g, unmodified Atwater factors; 2.6 – 3.6 ± 0.2 kcal/g 
modified Atwater factors).  
Vitamin concentrations varied widely with Control crickets having very high vitamin A 
concentrations. An 89% difference occurred for average total carotenoid concentrations that 
ranged from 9.8 ± 2.5 to 87.2 ± 29.6 µg/g of cricket for VB and Control crickets, respectively. 
Additionally, Control crickets contained approximately 2-fold higher retinol (2.2 ± 1.0 µg/g) 
concentrations compared to all other dietary treatments (1.1 ± 0.1 – 1.8 ± 0.7 µg/g). On the other 
hand, VB crickets contained nearly 2-fold higher vitamin E concentrations (3.4 ± 0.7 µg/g) 
compared to all other treatments (1.7 ± 0.3 – 2.8 ± 0.4 µg/g).  
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Regarding mineral concentrations, Control and VB cricket treatments continued to 
represent high and low concentrations, with the other 3 treatments in the middle for most 
minerals. Control crickets contained 12 times more calcium (6.0 ± 2.2%) compared to VB 
crickets (0.4 ± 0.1%) and VB crickets contained nearly 32% more phosphorus (1.2 ± 0.1%). 
These values led to a Ca:P that was 15 times higher in Control (6.0 ± 3.1) versus VB (0.3 ± 0.1) 
crickets. Average concentrations of sulfur and potassium were 50% higher in VB crickets (0.9 ± 
0.02 and 2.4 ± 0.03%, respectively) compared to other treatments (0.6 – 0.7 and 1.6 – 1.8%, 
respectively). On the other hand, Control crickets contained 2 and 4 times more copper and 
manganese (36.5 ± 1.9 and 154.5 ± 19.3 ppm, respectively) compared to other treatments (17.2 – 
26.4 and 35.5 – 56.3 ppm, respectively). 
Differences in nutrient composition also were measured between different sizes of 
crickets fed the same gut-loading treatments. On average, smaller sized crickets contained 22% 
more protein as measured for pinhead (75.7 ± 5.1%) and small crickets (62.2 ± 7.2%). In 
contrast, larger sized crickets contained more fat as measured by medium crickets containing 
nearly 30% more fat (9.8 ± 2.8%) compared to pinhead (7.5 ± 1.4%) crickets. Larger crickets 
also contained 17% more total dietary fiber as measured between medium crickets (10.9 ± 0.7%) 
compared with pinhead crickets (9.3 ± 4.0%). Vitamin concentrations were similar across sizes 
with exception of vitamin A (retinol and carotenoids). While average total vitamin A 
concentrations of small and medium crickets were within 2.5 percentage units of one another 
(41.1 ± 42.2 and 38.6 ± 40.1 µg/g, respectively), concentrations detected in pinhead crickets 
were approximately 60% lower (24.9 ± 16.9 µg/g).  
Gut-loading treatment appeared to affect concentrations of calcium and phosphorus 
differently across sizes. Small crickets contained 128% more calcium (4.1 ± 2.3%) compared to 
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pinhead (2.0 ± 1.4%) crickets; however, larger crickets contained more phosphorus as measured 
by concentrations that ranged from 1.0 to 1.3% for pinhead and medium crickets, respectively. 
This resulted in average Ca:P differences of 90% between pinhead (1.5 ± 1.1) and medium (4.0 ± 
3.1) crickets.  
Toads  
Two AS toads fed VB were observed to have curved spines after 8 wks on study while 3 
PRC and 2 AS toads fed Repashy and BB, respectively, suffered from hind limb paralyses/tetany 
later in the study at wk 43. Presence of a curved spine has been observed in collection animals of 
this species previously, and it was determined by animal care and veterinary staff after X-ray 
examination that toads could still function normally and were kept on study. On the other hand, 
hind limb paralyses had not been observed in the zoo’s amphibian collection and it was 
determined by veterinary staff that affected toads could not function to apprehend crickets; 
therefore, affected animals were humanely euthanized immediately. These conditions could have 
been attributed to dietary treatments and additional pathology was investigated post-mortem; 
however, conclusive cause could not be determined.  
Oxidative Stress 
Measures of OS that included GPx activity and PC concentrations, measured in toad 
plasma are presented in Table 2.4. Glutathione peroxidase activity (intra- and inter-assay CV = 
2.0 and 86.0%, respectively) was highest for both species consuming VB at 83.8 and 79.4 
nmol/min/mL for AS (P = 0.008) and PRC (P = 0.036) toads, respectively compared with the 
lowest values for both species when consuming BB (41.9 and 48.7 nmol/min/mL, respectively). 
The response was mixed for toads consuming the Rephasy treatment as GPx activity was 
numerically the second highest (70.7 nmol/min/mL) in AS toads, but not different from other 
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treatments. In contrast, PRC toads fed Repashy had the second lowest GPx activity (51.7 
nmol/min/mL) and was lower (P = 0.036) than those consuming VB (79.4 nmol/min/mL). 
Species differences were detected for PC concentrations (intra- and inter-assay 
coefficient of variation (CV) = 6.0 and 30.9%, respectively). Regardless of dietary treatment, 
PRC toads had 21% more (P < 0.001) PC (0.9 nmol/mg protein) compared to AS toads (0.7 
nmol/mg protein). Considering treatment influence, combined for both species, Repashy-fed 
toads had 68% more plasma (P < 0.001) PC (1.1 nmol/mg protein) and VB-fed toads 44% more 
(P < 0.001) PC (0.9 nmol/mg protein) compared to Control, BB, and HC-fed toads (0.6, 0.6, and 
0.7 nmol/mg protein, respectively). 
Regression analyses considering individual dietary nutrient concentrations and OS 
markers are presented in Table 2.5 and graphically in Figure 2.1. A total of 25 nutrients were 
considered in regression analysis and a cutoff of 0.40 was used to reflect clinically relevant 
correlations. Activity of GPx increased with increasing dietary protein:fat (R2 = 0.92; P < 0.001) 
and potassium (R2 = 0.84; P < 0.001), but decreased (P = 0.007) with increasing dietary retinol 
(R2 = 0.62) concentrations. Dietary nutrient intakes did not statistically correlate with 
concentrations of PC.  
2.5 Discussion 
 In the wild, insectivorous species consume a wide variety of insects (Finke, 2002); 
however, managed under human care, these species are limited to few commercially available or 
farmable insect species (Ogilvy et al., 2012a). Crickets are the most commonly fed insects in 
North American zoos (Allen and Oftedal, 1989). It has been well documented that commercially 
bred insects contain low or inadequate concentrations of calcium and vitamin A when they are 
not supplemented (Allen and Oftedal, 1989; Finke et al., 2005; Ferrie et al., 2014). These data 
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have contributed to new commercial gut-loading diet formulations for feeder crickets. While 
these formulations provide variety for nutritional management, their efficacy and impact on 
insectivore health requires careful evaluation (Allen and Oftedal, 1989; Livingston et al., 2014).  
The influence of dietary vitamin A on amphibian OS has not been evaluated and may contribute 
to animal health. The objectives of this study were to evaluate influence of five commercial gut-
loading diets on resulting live cricket nutrient composition and impact on markers of OS in two 
zoo-managed toad species. 
Diet Composition 
The Control diet was utilized in the current study to represent the current standard 
cricket-management protocol at the facility managing the toads. The diet was formulated based 
on previous institutional research for mineral supplementation (Dikeman et al., 2006, 2007, 
2007a, 2007b; Ploog et al., 2015). The other four gut-loading diets were commercially available 
products marketed in both the zoo and pet industries.  
Preliminary recommendations for post metamorphic amphibians have been published by 
using a combination of domestic animals including cats, fish, poultry, and rats (Ferrie et al., 
2014); however, these recommendations require direct assessment in amphibian species to test 
their accuracy and impacts on amphibian health. In the current study, all cricket treatments and 
sizes met or exceeded those recommendations for protein (44.4%, DMB) and vitamin A (as 
retinol, 87.0 µg/g, DMB) (Ferrie et al., 2014). However, vitamin E concentrations of all crickets 
(1.4 – 4.2 µg/g, DMB) fell well below the recommendation (59.0 µg/g, DMB). This large 
discrepancy raises concerns about the high recommendation put forth by Ferrie and colleagues as 
no signs of vitamin E deficiency were observed in the current study, and may indicate re-
evaluation of dietary vitamin E recommendation for amphibians is necessary. Additionally, 
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regardless of treatment or cricket size, all mineral (for which there was a recommendation) 
concentrations in crickets met or exceeded recommendations for amphibians, with the exception 
of calcium. All sizes of Control, Repashy, BB, and HC fed crickets met or exceeded calcium 
recommendations (0.6%, DMB); however, VB crickets of all sizes fell short (0.4 – 0.5%, DMB). 
Recommendations for ME intake have not been made for amphibians, but modified Atwater 
values may reflect too low of a diet digestibility compared to unmodified Atwater factors which 
are more representative of digestibility values obtained from raw diets fed to domestic dogs and 
cats (Kienzle, 2002). An evaluation of which factors to utilize for commercially-raised insects 
should be considered for future research and product labeling. 
Nutrient ranges of crickets found in the current study generally agree with those 
previously published (DMB) (Allen and Oftedal, 1989; Barker et al., 1998; Finke, 2002, 2003, 
2005, 2015; Brenes-Soto and Dierenfeld, 2011; Ogilvy et al., 2012a; Brooks and Harris, 2017). 
However, these previous studies found higher concentrations of fat (9.8 – 26.3%) and vitamin E 
(2.0 – 54.4 µg/g) and lower concentrations of calcium (0.2 – 4.0%), iron (62.7 – 196.8 ppm), 
manganese (29.7 – 52.8 ppm), lutein (0.4 – 6.0 µg/g), vitamin A (0.1 – 1.8 µg/g), and Ca:P (0.2 – 
1.6) compared to the current study. These observed differences between the current and previous 
studies may have occurred because of different cricket sizes, use of dusting supplements for one 
treatment, laboratory variation and length of time that gut-loading occurred.  
Most previous studies utilized either nymph or adult crickets only. Barker and colleagues 
(1998) analyzed crickets of comparable size to the current study and resulting fat (9.8%) and iron 
(196.8 ppm) concentrations were indeed comparable to those in the current study. Additionally, 
aforementioned studies did not evaluate crickets with dusting supplements; therefore, some of 
the discrepancies of vitamin and mineral concentrations may have resulted from the dusting of 
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supplements used in the Control group. Higher retinol and very low vitamin E concentrations 
(1.7 – 4.2 µg/g) measured in the current study compared to previous work (Barker et al., 1998; 
Finke, 2002; Finke, 2003; Brenes-Soto and Dierenfeld, 2011; Brooks and Harris, 2017) may be 
explained through analytical laboratory differences (Sullivan et al., 2017). Differences in 
extraction, saponification, or sample handling can affect vitamin recovery and should not be 
overlooked. Additionally, some discrepancies in cricket nutrient composition may have occurred 
from the duration of the gut-load. Several studies (Finke, 2003; Finke et al., 2005; Brooks and 
Harris, 2017) utilized 48 hr gut-load periods where our study utilized a 24 hr period. This 
institutional protocol was developed from previous research (Dikeman et al., 2006; Dikeman et 
al., 2007a) indicating that 24 hr was more effective at enhancing cricket mineral concentrations 
such as calcium. That work did not evaluate vitamins; therefore, consideration of gut-loading 
duration for optimal fat-soluble vitamin concentrations may be warranted as it may take longer 
(48 hr) for vitamin enhancement compared to mineral enhancement. It does appear that a gut-
loading protocol between 24 – 48 hr is optimal based on previous and current research.  
Considering treatment differences, VB crickets resulted in particularly low concentrations 
of several nutrients compared to other treatments. For example, low calcium concentrations led 
to Ca:P as low as 0.3 (nearly 97% lower than other gut-loading treatment groups). This is 
supported by a previous study that evaluated late instar nymph VB crickets and determined they 
contained only 0.1% (DMB) calcium (Finke, 2015). Additionally, VB crickets, while highest in 
vitamin E, were consistently lowest (up to 97% lower than other treatment groups) in measured 
carotenoids. Crickets fed the VB gut-loading diet also were lowest in carotenoids. Finke and 
colleagues (2015) also found VB crickets contained low concentrations of retinol (< 0.3 µg/g), β-
carotene (2.7 µg/g), lutein (0.2 µg/g), and zeaxanthin (< 0.2 µg/g). Commercially available gut-
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loading diets used in the current study were analyzed for carotenoids prior to feeding crickets 
and ranged from 1.3 – 4.9, 2.3 – 6.6, 2.4 – 5.1, and 2.5 – 5.0 µg/g (DMB) for retinol, β-carotene, 
lutein, and zeaxanthin, respectively. Interestingly, the VB gut-loading diet contained highest 
concentrations of total carotenoids (15.2 µg/g) and total vitamin A (20.1 µg/g) compared to other 
commercial gut-loading diets (Repashy, BB, HC) that contained 7.2 – 14.9 and 8.7 – 18.0 µg/g 
of total carotenoids and total vitamin A, respectively. Lower fat concentrations in the VB 
crickets and the diet (0.4%; at least 78% lower than all other gut-loading diets) could be 
hindering absorption of the fat-soluble vitamins (van het Hof et al., 2000). These combined data 
indicate a lower bioavailability of the nutrients in the VB product. In contrast, highest carotenoid 
concentrations found in Control crickets is in agreement with a previous study that determined a 
raw vegetable (carrot, cabbage, bell pepper) gut-loading diet fed to crickets resulted in 42 times 
greater carotenoid concentrations compared with crickets fed wheat-bran or fish food-based diets 
(Ogilvy et al., 2012b).  
Differences in key nutrient concentrations up to 135% were measured between different 
sizes of crickets within gut-loading treatment. Reasons for differences in observed nutrient 
concentrations between cricket sizes may be due to varying proportions of exoskeleton, which 
would analyze largely as protein (50%) and fiber (chitin; 25 – 40%) (Finke, 2002). Conversely, 
higher fat concentrations measured in medium crickets may be due to abdominal lengthening 
(Donoughe and Extavour, 2016) with larger digestive tracts and more adipose. Similarly, higher 
total vitamin A concentrations in small and medium crickets, compared to pinhead crickets, are 
likely due to larger digestive tracts that can fill with vitamin-rich gut-loading diets. This did not 
hold true for vitamin E because average concentrations decreased from 2.7 to 2.2 µg/g DM for 
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pinhead and medium crickets, respectively. Additional work should carefully evaluate if pinhead 
crickets require a different diet than larger size crickets to optimize nutrient concentrations.  
During the current study, two AS toads fed VB crickets were observed to have curved 
spines 8 wks into the study. Vertebral deformities have been identified as clinical signs of 
metabolic bone disease in amphibians (Densmore and Green, 2007) for which low dietary 
calcium or improper Ca:P are the most common cause (Wright and Whitaker, 2001). The VB 
crickets were nearly 91% lower in calcium compared with other treatments and were the only 
treatment that fell short of calcium recommendations for amphibians (Ferrie et al., 2014). These 
results agree with previous work indicating increased dietary calcium (crickets gut-loaded with a 
10% calcium diet) had positive impacts on skeletal structure in human-managed oriental fire-
bellied toads (Bombina orientalis) (Michaels et al., 2015). Additionally, vitamin A deficiency 
also could be a potential cause of skeletal abnormalities (Ferrie et al., 2014) as VB crickets in the 
current study had lowest total vitamin A concentrations. Vita Bugs® are not marketed to require 
additional supplementation; however, our results suggest VB crickets should be dusted with 
calcium and possibly vitamins to support optimal amphibian growth.  
Five toads also suffered from hind limb paralyses/tetany toward the end of the 
experiment. Necropsy and pathology could not determine cause of the abnormality. Occurrence 
of neurological and musculo-skeletal abnormalities, as well as tetany, have been documented in 
amphibians with improper UV-B light, or dietary B-vitamin (namely thiamine), calcium, or 
vitamin A deficiencies proposed as possible causes (Ferrie et al., 2014). UV-B light, calcium, 
retinol, and carotenoid concentrations were all intermediate for the crickets fed to the toads that 
presented abnormally (Repashy and BB); therefore, those are likely not contributing causes. 
Vitamin B assessment was not an objective of this study and concentrations were not analyzed; 
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therefore, a B-vitamin deficiency cannot be ruled out and further investigation of the diets in 
relation to additional vitamin concentrations should be considered (Wright and Whitaker, 2001). 
Oxidative Stress 
Oxidative stress has rarely been investigated in amphibians, and though some work exists 
in muscle (Zocche et al., 2014), liver (Falfushinska et al., 2007), kidney, brain, and heart 
(Joanisse and Storey, 1996), authors are not aware of previous work analyzing plasma OS in 
amphibians. Very limited sample volumes from small study animals resulted in careful 
consideration of OS measures evaluated. Because toads consume high protein diets and proteins 
can be damaged due to OS, PC, the most common marker of protein oxidation (Dalle-Donne et 
al., 2003), was measured. Activity of GPx is one of the most commonly measured enzymatic 
antioxidants to evaluate OS and was also considered (Michiels et al., 1994).  
Activity of GPx ranges widely within as well as between species. Activity of GPx 
measured in the current study (41.9 – 83.8 nmol/min/mL) is among the first to be reported in 
amphibian plasma and appears slightly lower than other reported species. For example, GPx 
activity in rat plasma has been reported to range from 42.5 (Bacanlı et al., 2017) to 2,850 (Anand 
et al., 2011) nmol/min/mL and ranges from 250 to 22,000 nmol/min/mL in pigeons and mice, 
respectively (Maral et al., 1977; Celi et al., 2013).  
In both toad species, GPx activity was greatest in VB-fed toads and lowest in the BB-fed 
toads. Activity of GPx in toads increased with protein:fat and potassium concentrations of 
crickets and decreased with increasing cricket retinol concentrations. Though protein 
recommendations for growing amphibians have not been made, all groups of crickets in the 
current study contained 19 – 77% more crude protein than recommended for adults (44.4% 
DMB) (Ferrie et al., 2014). Previous investigations into effect of dietary protein on GPx activity 
 
	
	
64 
have yielded contradictory results in rodents. High protein diets (15 and 45%, air dried basis) fed 
to rats resulted in elevated GPx activity due to more sulfur-containing amino acids, more 
available glutathione, and a greater need for detoxification of xenobiotics at higher dietary 
protein concentrations (Bauman et al., 1988). In another study, a high protein diet (60% casein or 
soy protein (as-fed basis); crude protein concentrations not specified) fed to rats resulted in 
decreased GPx activity. The authors attributed this to lower glutathione concentrations paired 
with excess oxidation of amino acids leading to free radical production (Gu et al., 2008). 
Additionally, while investigation into effect of high fat diets has revealed decreases in GPx 
activity possibly due to increased lipid peroxidation, enzyme cross-links, and reduced 
glutathione concentrations (Noeman et al., 2011), a paucity of information exists for low fat 
diets. Reductions in toad growth with increasing protein:fat (not presented) indicate the increase 
in GPx activity at higher protein:fat is not beneficial.  
Activity of GPx also increased with increasing potassium concentrations. Our study diets 
ranged from 1.5 to 2.4% DMB potassium, at least 3 times higher than the current 
recommendation for amphibians (0.4%; Ferrie et al., 2014). Influence of dietary potassium on 
OS remains unclear as previous focus has been on OS impacts on plasma potassium. It is known 
that OS can lead to alterations in potassium channel function (Liu and Gutterman, 2002), though 
this knowledge is limited. Changes in plasma potassium associated with high potassium diets 
may exacerbate effects of potassium channel activation in response to OS, but this is not fully 
understood (Udensi and Tchounwou, 2017). Though correlation with an increase in antioxidant 
enzyme activity may appear beneficial, this may be a response to heightened OS and should be 
investigated in relation to amphibian phenotypes and physiologies. 
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Conjugated double bonds in the chemical structure of retinol should aid in its ability to 
neutralize ROS and protect against OS, however, opposite effects have been seen in vitro (da 
Frota et al., 2006). Dietary retinol supplementation of rats (1,000 – 9,000 IU/kg) for 3 or 7 d had 
pro-oxidant effects in liver (de Oliveira et al., 2009). Retinol supplementation (4,500 IU/kg) for 
28 d also resulted in elevated GPx activity in rat brain (de Oliveira et al., 2007). In the current 
study, reduction in GPx activity correlated with increasing dietary retinol (3,467 – 11,167 IU/kg) 
and could indicate an antioxidant sparing effect. Another possibility could be cellular adaptation 
in response to heightened OS due to increased retinol.  
Concentration range of PC in the current study (0.6 – 1.1 nmol/mg protein) falls into 
reported ranges for humans, rats, and chickens (0.4 – 1.4 nmol/mg protein) (Renke et al., 2000; 
Dalle-Donne et al., 2003; Kadiiska et al., 2005; Yu et al., 2015). Protein carbonyl concentrations 
were lowest in Control, BB, and HC-fed toads and highest in Repashy and VB-fed toads; 
however, were not directly correlated with any particular dietary nutrient. In combination, the 
high GPx activity and PC concentrations measured from toads fed VB crickets, likely do indicate 
heightened OS compared to toads fed Control, BB, and HC crickets. Additionally, while GPx 
activity of the Repashy-fed toads was intermediate, they did have statistically highest 
concentrations of PC that may also indicate elevated OS.  
Assessment of changes in OS can be difficult to interpret as physiological responses to 
OS vary depending on severity and “normal” levels of OS are widely unknown and likely vary 
largely by species. Activity of antioxidant enzymes, such as GPx, may actually increase in states 
of “mild” OS in protective cellular adaptation (Halliwell and Gutteridge, 2015). The current 
study evaluated two measures of OS and to evaluate the full scope of OS and its effects, other 
markers should be evaluated in future studies if sample sizes permit additional evaluation. 
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Conclusions 
 It was hypothesized cricket nutrient compositions would differ with gut-loading diet, 
which was supported. Of diets evaluated in the current study, VB crickets were lowest in fat, 
calcium, and carotenoids but were highest in vitamin E. Vita Bugs® are not marketed to require 
additional dusting supplementation; however, results of the current study suggest VB crickets 
should be dusted with calcium to correct the low calcium concentrations measured. Conversely, 
Control and Repashy crickets were highest, and well above recommendations, for calcium and 
vitamin A concentrations suggesting their use when those nutrients are of concern. Our 
hypothesis that toads fed crickets higher in vitamin A and E concentrations would have lower 
levels of OS may be partially supported as GPx activity decreased with increasing dietary retinol, 
though this requires further investigation to determine benefit or detriment. However, dietary 
vitamin E concentrations in the current study fell well short of proposed recommendations for 
amphibians, though no signs of deficiencies were observed. Our study also revealed GPx activity 
in toad plasma increased with dietary protein:fat and potassium concentrations. Based on 
markers of OS that we assessed, high protein:fat ratios may be exacerbating OS in amphibians. 
Additionally, recommended dietary vitamin E concentrations for amphibians deserve further 
evaluation as concentrations 30 times lower that the current recommendation were observed in 
the current study without signs of deficiency. While nutrient imbalances have commonly been 
linked to metabolic bone disease and hypovitaminosis A, OS has not been evaluated in 
amphibians and may be a contributing factor to etiology of deficiency-related issues. Other 
measures of OS would be ideal to help further evaluate OS in these species.  
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Table 2.1. Feeding schedule of Puerto Rican crested (Peltophryne lemur) and Asian spiny toads 
(Duttaphrynus melanosticus) fed crickets gut-loaded with five different diets 
Date Started Feeding Days Fed Cricket Size1 Cricket Amount/Toad (g) 
12/21/16 30 Pinhead 0.04 
1/20/17 21 Pinhead 0.08 
2/10/17 7 Small 0.08 
2/17/17 57 Small 0.2 
4/15/17 52 Small 0.3 
6/6/17 15 Small 0.4 
6/21/17 60 Small 0.5 
8/20/17 44 Medium 0.5 
10/3/17 14 Medium 0.6 
10/17/17 9 Medium 0.8 
10/26/17 10 Medium 0.7 
1 Pinhead = 0.2 cm; small = 0.6 cm; medium = 1.3 cm. 
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Table 2.2. Macronutrient and vitamin A and E (α-tocopherol) concentrations of pinhead, small, and medium domestic crickets 
(Acheta domestica) fed five gut-loading diets 24 hr prior to analyses (dry matter basis)1,2 
Treatment DM OM CP Fat TDF P:F ME3 ME4 Vitamin E Retinol Lutein 
Zeaxan-
thin 
β-
carotene 
 % Ratio kcal/g µg/g 
Pinhead 
Control5 27.3 83.5 68.9 6.6 12.5 10.4 3.0 3.4 2.6 1.6 8.8 3.0 41.3 
VB 25.9 89.7 78.5 5.6 14.6 14.0 3.2 3.6 4.2 1.4 2.1 2.0 8.5 
Repashy 28.2 86.0 71.7 8.6 6.9 8.4 3.2 3.6 2.7 1.3 3.1 2.2 14.8 
BB 26.1 90.3 80.3 9.2 5.7 8.7 3.6 4.0 2.0 1.2 2.7 2.5 8.5 
HC 27.1 89.2 79.1 7.6 6.9 10.4 3.4 3.9 2.0 1.1 3.1 2.1 13.7 
SD 0.9 2.9 5.1 1.4 2.2 4.0 0.2 0.3 0.9 0.2 2.7 0.4 13.7 
Small 
Control 25.2 77.9 56.2 9.2 10.5 6.1 2.8 3.2 2.7 1.7 14.9 4.2 87.6 
VB 18.8 90.8 74.6 6.1 12.1 12.2 3.1 3.5 3.0 1.2 1.9 1.8 3.8 
Repashy 25.9 83.3 58.4 10.0 9.5 5.9 3.1 3.5 3.2 1.5 3.9 1.9 49.3 
BB 28.3 81.5 61.2 12.1 7.9 5.1 3.2 3.6 1.8 2.6 4.1 3.3 10.0 
HC 27.4 84.1 60.3 7.0 10.5 8.6 2.9 3.3 1.9 1.3 2.2 1.8 6.6 
SD 3.7 4.7 7.2 2.4 2.9 1.5 0.2 0.2 0.7 0.6 5.4 1.1 36.5 
Medium 
Control 26.3 75.2 52.7 7.0 10.0 7.6 2.6 3.0 2.6 3.4 69.2 12.6 20.0 
VB 18.8 91.0 77.6 7.6 11.3 10.3 3.4 3.8 3.1 1.2 2.1 1.9 5.6 
Repashy 24.2 86.3 61.6 11.8 10.4 5.2 3.2 3.6 2.4 1.5 5.1 2.5 39.1 
BB 26.0 83.5 62.1 13.4 11.8 4.6 3.3 3.7 1.4 1.8 4.0 2.7 6.4 
HC 25.3 88.0 63.5 9.0 11.1 7.1 3.1 3.5 1.7 1.0 3.4 2.6 7.2 
SD 3.1 6.0 9.0 2.8 2.2 0.7 0.3 0.3 0.7 0.9 29.3 4.6 14.4 
Recommendations6 - 44.4 - - - - - 59.0 0.87 - - - 
1 DM, dry matter; OM, organic matter; CP, crude protein; TDF, total dietary fiber; P:F, protein to fat ratio; ME, metabolizable energy; 
VB, Vita Bug; BB, Better Bug; HC, Hi Calcium; SD, standard deviation. 
2 Crickets were pooled by size and treatment and analyzed once.  
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3 ME = Calculated using modified Atwater: 8.5 kcal of ME/g of fat + 3.5 kcal of ME/g of CP + 3.5 kcal of ME/g of N-free extract. 
4 ME = Calculated using unmodified Atwater: 9 kcal of ME/g of fat + 4 kcal of ME/g of CP + 4 kcal of ME/g of N-free extract. 
5 Composition of Control crickets included all measured dusting supplements added in proportion of weekly dusting protocol that 
stuck to crickets. 
6 Recommendations are presented on a dry matter basis and are for adult amphibians (Ferrie et al., 2014). 
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Table 2.3. Mineral composition of pinhead, small, and medium domestic crickets (Acheta domestica) fed five gut-loading diets 24 hr 
prior to analyses (dry matter basis)1,2 
Treatment S P K Mg Ca Na Fe Mn Cu Zn Se Ca:P 
 % ppm Ratio 
Pinhead 
Control3 0.7 1.3 1.9 0.2 3.6 0.6 166.4 134.2 35.4 250.1 0.8 2.7 
VB 0.9 1.3 2.4 0.2 0.5 0.6 1214.3 20.8 19.8 202.0 0.6 0.4 
Repashy 0.6 1.3 1.9 0.2 3.3 0.5 492.3 53.6 15.7 172.5 0.6 2.6 
BB 0.7 1.3 1.9 0.2 1.2 0.6 179.9 41.6 16.6 200.8 0.7 0.9 
HC 0.7 1.3 1.9 0.2 1.3 0.5 155.3 41.0 14.9 194.9 0.6 1.0 
SD 0.1 0.02 0.2 0.03 1.4 0.03 454.4 44.1 8.6 28.4 0.1 1.1 
Small 
Control 0.7 1.0 1.8 0.2 6.4 0.7 140.6 156.8 35.4 248.8 0.9 6.4 
VB 1.0 1.2 2.4 0.2 0.4 0.8 99.9 48.4 33.4 266.2 0.6 0.3 
Repashy 0.6 1.0 1.6 0.2 4.4 0.6 105.5 52.5 17.1 174.9 0.5 4.3 
BB 0.6 1.2 1.5 0.2 5.3 0.6 317.0 70.0 19.6 190.0 0.7 4.6 
HC 0.5 1.1 1.8 0.2 4.1 0.5 203.8 56.4 17.8 172.4 0.5 3.9 
SD 0.2 0.1 0.4 0.01 2.3 0.1 90.3 45.5 9.0 43.9 0.2 2.2 
Medium 
Control 0.6 0.9 1.4 0.2 7.9 0.7 144.1 172.5 38.6 259.8 0.9 9.0 
VB 0.9 1.2 2.4 0.2 0.5 0.8 83.3 37.3 26.1 259.3 0.5 0.4 
Repashy 0.6 1.0 1.7 0.2 3.6 0.7 99.3 45.5 18.8 195.2 0.4 3.5 
BB 0.6 1.1 1.5 0.2 4.2 0.7 213.9 57.2 19.4 208.7 0.5 3.8 
HC 0.5 1.0 1.7 0.2 3.2 0.6 160.4 47.0 20.0 192.0 0.4 3.2 
SD 0.2 0.1 0.4 0.01 2.7 0.1 51.9 56.7 8.4 34.0 0.2 3.1 
Recommendations4 - 0.3 0.4 0.04 0.6 0.2 97.0 14.0 12.0 18.0 0.3 - 
1 ppm, parts per million; VB, Vita Bug; BB, Better Bug; HC, Hi Calcium; SD, standard deviation. 
2 Crickets were pooled by size and treatment and analyzed once.  
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3 Composition of Control crickets included all measured dusting supplements added in proportion of weekly dusting protocols that 
stuck to crickets. 
4 Recommendations are presented on a dry matter basis and are for adult amphibians (Ferrie et al., 2014).
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Table 2.4. Plasma glutathione peroxidase activity and protein carbonyl concentration of Puerto 
Rican crested (Peltophryne lemur; PRC) and Asian spiny toads (Duttaphrynus melanosticus; 
AS) fed crickets gut-loaded with five different diets for 46 consecutive wks1 
Species Control VB Repashy BB HC SEM P-Value 
Glutathione peroxidase (nmol/min/mL) 
AS 57.9a,b 83.8a 70.7a,b 41.9b 69.3a,b 14.3 0.078 
PRC 56.1a,b 79.4a 51.7b 48.7b 65.0a,b 13.0 0.156 
Protein carbonyl (nmol/mg protein) 
Pooled by treatment 
Pooled2 0.6c 0.9b 1.1a 0.6c 0.7c 0.1 < 0.001 
Pooled by species 
AS3 0.7* 0.03 
< 0.001 
PRC 0.9† 0.03 
a-c Means within a row lacking a common superscript letter are different (P < 0.050). 
*,† Means within a column lacking a common superscript symbol are different (P < 0.050). 
1 VB, Vita Bug; BB, Better Bug; HC, Hi Calcium; SEM, standard error of the mean. 
2 Equal amounts of plasma samples from toads in each dietary treatment and species were pooled 
for protein carbonyl analysis due to small sample volume (n = 10). 
3 Samples analyzed by species across dietary treatments (n = 5 per species).  
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Table 2.5. Regression analyses of oxidative stress markers with dietary nutrients in Puerto Rican 
crested (Peltophryne lemur; PRC) and Asian spiny toads (Duttaphrynus melanosticus; AS) fed 
crickets gut-loaded with five different diets for 46 consecutive wksa 
Marker Species Variable R2 Correlation P-Value 
GPx Pooledb 
Protein:Fat 0.92 Positive < 0.001 
Potassium 0.84 Positive < 0.001 
Retinol 0.62 Negative 0.007 
a GPx = glutathione peroxidase. 
b Average dietary nutrient intake by treatment group was used for regression analysis and results 
could not be separated by species.
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Figure 2.1. Linear regression of dietary cricket (A) protein:fat ratios (P < 0.001), (B) potassium 
concentration (P < 0.001), and (C) retinol concentration (P = 0.007) with GPx activity 
(nmol/min/mL) in plasma of toads in Puerto Rican crested (Peltophryne lemur; PRC) and Asian 
spiny toads (Duttaphrynus melanosticus; AS) fed crickets gut-loaded with five different diets for 
46 consecutive wks. Data points represent weighted averages of cricket composition for pinhead, 
small, and medium crickets based on feeding duration.  
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Abstract  
Oxidative stress (OS) results from overproduction of reactive species. Nutrient intake can 
contribute positively or negatively to OS and lack of established nutrient requirements for most 
exotic species managed in zoos exacerbates possibilities for nutrient toxicities or deficiencies 
potentially leading to reactive species production. The objective of this study was to evaluate 
influence of nutrient intake and nutritional husbandry on markers of OS in male snow leopards 
(n = 14) maintained in U.S. facilities (n = 12). Diet samples and husbandry information were 
obtained and cats were immobilized once for collection of blood. Samples were analyzed for 
chemical composition (diet and blood), antioxidant capacity (blood), and markers of OS (blood), 
and correlations of dietary nutrient intakes and markers of OS were analyzed by linear 
regression. Analyzed markers of OS included antioxidant enzymes (superoxide dismutase (SOD) 
and glutathione peroxidase (GPx)) and ferric reducing antioxidant potential (FRAP) that are 
protective against OS, and protein carbonyls (PC), thiobarbituric acid reactive substances 
(TBARS), and DNA/RNA damage that are indicative of oxidative damage. Snow leopard copper 
intake (10.1 – 80.2 mg) was negatively correlated with DNA/RNA damage (R2 = 0.44; p = 0.01) 
and sodium intake (4.4 – 12.7 g) was positively correlated with GPx activity (R2 = 0.43; p = 
0.04). More frequent feeding of whole prey (0.3 – 3 times/wk) was correlated with increased 
blood SOD activity (R2 = 0.55; p < 0.01). In conclusion, greater dietary copper intake and more 
frequent feeding of whole prey, may reduce OS in snow leopards. Higher dietary sodium intake 
influence on GPx activity should be further evaluated to determine benefit or detriment. No 
cause and effect can be inferred from our results, but our data do suggest altering dietary form 
and nutrient concentrations may influence OS in snow leopards. 
Key words: exotic, cats, nutrition, redox balance, whole prey  
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3.2 Introduction 
 Snow leopards are listed as an endangered species by the International Union for 
Conservation of Nature and zoo populations have been declining over the past two decades 
(Tetzloff et al., 2016). Improvement of nutritional understanding in zoo-managed settings is vital 
to conserve an assurance population of the species (Jackson et al., 2008). While the exact cause 
of the managed population decline is not known, dietary inadequacies could be a contributing 
factor to disease and abnormal physiologies, possibly through oxidative stress. Oxidative stress 
(OS) is defined as a disturbance in the pro-oxidant-antioxidant balance, in favor of pro-oxidants 
or reactive oxygen species (ROS) (Sies, 1985).  
Animal diets contain many nutrients with both pro- and anti-oxidant properties. This 
includes some trace minerals and vitamins required for physiological function. Excesses of trace 
minerals may result in ROS production due to their redox potential (Tvrda et al., 2014). 
Antioxidants are employed to reduce and detoxify potentially damaging pro-oxidants and defend 
against oxidative damage. Antioxidants can be found in the body as enzymes, such as SOD and 
GPx which dismutate and neutralize ROS, or as non-enzymatic compounds in the diet, such as 
vitamins A and E which donate electrons to neutralize ROS (Sies, 1997).  
Effect of diet on OS has been evaluated in many domestic species including poultry (Gao 
et al., 2010), swine (Lauridsen et al., 1999), and cattle (Pedernera et al., 2010), generally 
focusing on antioxidant supplementation and dietary trace mineral concentrations. Additionally, 
evaluation of dietary influence on OS in obese (Tanner et al., 2006) and renal insufficient (Yu 
and Paetau-Robinson, 2006) domestic cats revealed reduction of OS through high protein and 
antioxidant (vitamins E and C and	β-carotene) supplemented diets, respectively. Evaluation of 
dietary effects on OS in snow leopards has not been evaluated. Therefore, the objective of this 
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study was to evaluate dietary nutrient intake and nutritional husbandry influence on markers of 
OS in male snow leopards maintained in U.S. zoos. It was hypothesized that dietary nutrients, 
particularly higher intakes of vitamins A and E, would reduce markers of OS and that trace 
mineral balance would also influence OS. This research has potential to provide information that 
could improve diet formulations of exotic cats managed in zoos, and to initiate future research 
evaluating diet and OS in relation to phenotypes and physiologies.  
3.3 Materials and Methods 
All animal procedures were approved by each housing institutions’ Animal Care and Use 
Committee (IACUC) before animal experimentation. 
Animals 
 Fourteen male snow leopards (Uncia uncia) from 12 North American zoological 
institutions, accredited by the Association of Zoos and Aquariums, were used. Detailed cat 
demographics, diet history, fasting days, and whole prey feeding frequency were surveyed 
(Table 3.1) for each animal at the time of sample collection through detailed interviews with 
animal managers. Animals ranged in age from 3 to 16 years (average 8.5) and weight from 30.5 
to 48.9 kg (average 37.9 kg) (Table 3.2). All animals were fed primarily raw, commercially 
manufactured meat-based diets with supplemental bones and/or whole prey items.  
Sample Collection 
Animals were immobilized after an overnight fast according to individual institution 
veterinary protocols by institution veterinarians using combinations of ketamine, medetomidine, 
butorphanol, and midazolam based on each institution’s standard medical procedures. 
Approximately 5 mL of fasted blood was collected via venipuncture of the jugular, saphenous, or 
femoral vein and was collected into two separate Vacutainer tubes (Becton, Dickinson and 
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Company, Franklin Lakes, NJ), one with no additive for serum collection and one containing 1.8 
mg EDTA/mL for plasma collection. Blood was processed at 24°C according to institution 
protocol for routine blood diagnostics, centrifuged at approximately 1,000 x g for 10 min to 
separate serum and plasma and stored at –80°C until analyses. Approximately 900 g of each 
animal’s daily diet was obtained on the day of sample collection and stored at –18°C until 
analyses. All collections took place between February 9 and June 14, 2016.  
Diet Analyses  
Approximately 200 g of each diet sample was subsampled, dried at 55 o C, ground in a 
commercial blender (Waring blender model 51BL31, Waring, New Hartford, CT) and analyzed 
for chemical composition. All chemical analyses were conducted in the nutrition lab at Omaha’s 
Henry Doorly Zoo and Aquarium unless otherwise noted. Diets were analyzed for dry matter 
(DM) (Method 934.01) and organic matter (OM) (Method 942.05 (AOAC, 2006)). Crude protein 
(CP) was determined using a Leco Nitrogen/Protein Determinator (Method 992.15) (model 
TruMacN, Leco Corporation, St. Joseph, MI). Fat concentrations were determined by hexane 
extraction (Method 960.39 (AOAC, 2000)). Total dietary fiber (TDF) was determined using the 
Prosky method (Prosky et al., 1994) adjusted for high protein samples using quadruple the 
amount of protease and double the time for the water bath after addition of the protease.  
Fatty acid analysis of raw meat diets was conducted at Iowa State University using gas 
chromatography (GC; model 3800; Varian Analytical Instruments, Walnut Creek, CA) to 
analyze fatty acid profiles (Richter et al., 2012). Peak identification and quantification (Kramer, 
Hernandez, Cruz-Hernandez, Kraft, & Dugan, 2008) was determined on esterified (Christie, 
1972) lipid samples extracted from each diet sample (Folch, Lees, and Stanley, 1957). Mineral 
analyses of raw meat diets were conducted at Midwest Laboratories ((Omaha, NE) (Method 
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985.01) (AOAC, 2006)). Diet subsamples from each institution were sent to Arizona State 
University for vitamin A (retinol) and E (α-tocopherol) analyses. Vitamins were analyzed via 
reverse-phase HPLC as previously described (McGraw et al., 2006; Dierenfeld et al., 2009) 
using an Agilent 1100 Series (Santa Clara, CA) HPLC system.  
Metabolizable energy (ME) concentrations of diets were estimated using Atwater values 
(9 kcal/g fat, 4 kcal/g protein, 4 kcal/g carbohydrate) multiplied by fat, protein, and digestible 
carbohydrate content of each diet (National Research Council, 2006). Atwater values, opposed to 
modified Atwater values, have been suggested as more accurate for determinations of ME in raw 
meat diets because of high digestibility compared with processed and extruded diets (Clauss et 
al., 2010; Iske et al., 2016). Digestible carbohydrate concentrations were calculated using 
nitrogen free extract (NFE) as an estimate with the following equation: (100 − (% ash + % CP + 
% fat + % TDF)). Though crude fiber is typically used in this calculation, TDF is a more 
accurate measure of dietary fiber (Cho et al., 2001; de-Oliveira et al., 2012) and results in a more 
accurate estimation of NFE. Due to the additive nature of the calculation and reliance on multiple 
assays along with very low carbohydrate and high protein and fat concentrations of the diets, 
calculated NFE of some treatments produced negative numbers, in which case a value of 0 was 
used. 
Husbandry surveys that inquired about each cat’s current age, weight, diet type, diet 
feeding amount, whole prey offered, whole prey feeding frequency, and number of fasting days 
were completed by housing institutions at the time of sampling via interview with animal 
keepers. To account for variation in fasting days, weekly dietary intakes were used and 
calculated by multiplying amount of diet fed on feeding days by the number of days cats were 
fed per wk. Weekly intakes were then multiplied by DM concentration of the diet to give weekly 
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dry matter intake (DMI). Analyzed dry matter nutrient concentrations were then multiplied by 
weekly DMI to yield weekly nutrient intakes on a dry matter basis (DMB) (((grams offered per 
day * d fed/wk) * %DM) * diet nutrient (%)). Whole prey items, defined as non-living whole 
animal carcass, as determined by survey responses included rabbit, rat, fish, guinea pig, chicken, 
and quail among all participating institutions. Whole prey items were not analyzed for chemical 
composition because frequency of feeding whole prey and size of whole prey items indicated 
less than 10% of each animal’s diet; therefore, nutrient intake was calculated based on 
commercial raw meat diet intakes only. Whole prey feeding frequency (d/wk provided) was 
assessed for correlations with OS.  
Recommended weekly nutrient intakes published for domestic cats (National Research 
Council, 2006) were also calculated for comparison. Calculations were made using published 
recommended allowance values (per 4,000 kcal ME/kg diet) adjusted to a 5,000 kcal ME/kg diet 
following dietary ME determination as described above. These values were then converted to 
gram basis that were then multiplied by 1,000, 2,000, 3,000, and 4,000 g of DMI to represent the 
recommendations across the various snow leopard weekly intakes.  
Plasma samples also were sent to Arizona State University for vitamin A and E analyses 
via HPLC as described previously. Mineral analyses were conducted on blood serum samples at 
Iowa State University’s Veterinary Diagnostic Laboratory via inductively coupled plasma mass 
spectrometry (ICP-MS, Analytik Jena Inc. Woburn, MA) with hydrogen gas. Briefly, samples 
were diluted 1:20 in 1% nitric acid, vortexed rigorously, and analyzed by ICP/MS with bismuth, 
scandium, indium, lithium, yttrium, and terbium used as internal standards.  
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Oxidative Stress Markers  
Markers of OS were measured in plasma or serum. Analysis of OS markers included 
thiobarbituric acid reactive substances (TBARS), protein carbonyls (PC), DNA/RNA damage, 
SOD and GPx activity using commercially available assay kits purchased from Cayman 
Chemical Company (Ann Arbor, MI) and were performed according to the recommendations of 
the manufacturer (Table 3.3). Ferric reducing antioxidant power (FRAP), an overall total 
antioxidant capacity assay was assessed in serum. Briefly, the FRAP assay colorimetrically 
measures the reduction of ferric iron (Fe+3) to ferrous iron (Fe+2) by the reaction of ferrous-
tripyridyltriazine complex in relation to antioxidant based ascorbic acid standards (Benzie and 
Strain, 1996). Samples did not require dilution to fall into the standard curve and were expressed 
in units of µM (FRAP value). All assays were run in triplicate in a 96-well plate with the 
exception of PC which is analyzed in duplicate. 
Statistical Methods 
A total of approximately 80 explanatory variables were measured and evaluated in the 
current study including individual dietary macronutrients, fatty acids, vitamin A, vitamin E, and 
mineral weekly intakes as well as blood measures of OS, minerals, and vitamins A and E. 
Explanatory variables were separated into categories (proximates, minerals, vitamins, fatty acids, 
and OS) and analyzed via multiple regression for their correlation with all response variables via 
the Regression procedure of SAS® (SAS Inst. Inc. Cary, NC) with OS markers used as response 
variables. Due to large number of statistical regressions and in an attempt to highlight clinically 
significant variables, a partial R2 cutoff of 0.40 was used for significant variables. This was 
chosen to highlight variables with large influence, but to also assess many variables as this is the 
first research of this nature in snow leopards. Final statistical models included only significant 
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variables. Age, body weight, frequency fed whole prey, and number of fasting days for each 
animal were also analyzed via regression analyses. A p-value of p < 0.05 was considered 
statistically significant. 
3.4 Results 
Diet Intake 
All cats were fed raw, commercially manufactured beef, horse, or pork-based diets from 
Nebraska Brand® (North Platte, NE), Triple A Brand Meat Company© (Burlington, CO), 
Milliken Meat Products Ltd (Markham, Ontario), or Sustainable Swine Resources (Sheboygan 
Falls, WI). Nutrient concentrations of the commercial diets analyzed are presented in Tables 3.4 
and 3.5. Average ME concentrations of the diets ranged from 4.5 to 5.9 kcal/kg (DMB). Large 
variations in diet nutrient concentrations were measured, particularly in retinol and copper which 
ranged from 0.05 to 2.4 µg/g DM and 5.4 to 28.6 ppm DM, respectively. Protein sources of the 
commercial diets offered to cats included beef (n=2), horse (n=10), pork (n=1) and combinations 
of all 3 protein sources (n=1) (Table 3.2).  
Cats were managed with 0 to 3 reported fasting days each wk and were offered 900 to 
1,800 g as fed (300 to 600 g DMB) of meat on each non-fasting day. Whole prey offered ranged 
from once per month to three times/wk (Table 3.2) and accounted for less than 10% of the diet 
on average (by wet weight) due to very small prey items offered by all institutions (rabbit, rat, 
fish, guinea pig, chicken, or quail).  
Snow leopard weekly DMI of commercial diets ranged from 1,256 to 3,551 g/wk with an 
average DMI of 2,350 g. Metabolizable energy intakes averaged 12,320 kcal/wk but ranged from 
6,633 to 18,622 kcals/wk. The large range of DMI resulted in weekly nutrient intakes that also 
ranged widely, at least two-fold, for every macronutrient (Table 3.6). On average, CP, fat and 
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TDF intakes represented 56.7, 32.1 and 5.4% of the dry matter, respectively. Average (± SD) fat 
(753.2 ± 264.0 g) and TDF (126.4 ± 41.3 g) intakes varied by 108 and 113%, respectively, 
among cats. Wide ranges in weekly vitamin A and E intakes were also observed with retinol 
intakes (2,389 ± 1,983 µg) that varied by 190%. Weekly mineral intakes also had considerable 
ranges with largest variations in intake measured for iron (1,321 ± 492.4 mg), copper (27.6 ± 
19.2 mg), and manganese (90.1 ± 36.5 mg) (Table 3.7).  
Nutrient intakes of snow leopards were compared with adjusted recommended nutrient 
allowances published for domestic cats. These comparisons indicated that snow leopard 
consumption of protein and fat exceeded recommended allowances for all cats. However, 8 cats 
failed to meet their adjusted retinol allowance based on their individual DMI indicating only 6 
snow leopards consumed retinol concentrations adequate for their individual respective DMI 
(Table 3.6). None of the animals consumed adequate concentrations of vitamin E. On average 
potassium (23.4 g) and magnesium (2.3 g) intakes were 1.5 and 1.9 times higher than the 
adjusted average recommended allowances (15.3 and 1.2 g, respectively) based on the average 
DMI (2,400 g). Average intakes of phosphorus, calcium, sodium, iron and manganese were 3.8 
to 6.4 times more than adjusted average recommended allowances. Although average copper and 
zinc intakes both met or exceeded average adjusted allowances, 4 individuals (cats 3, 11, 12, 14) 
did not meet the copper allowance and 2 individuals (cats 12 and 14) did not meet the zinc 
allowance when considering their individual DMI.  
Concentrations of plasma vitamins and minerals are presented in Table 3.8. Plasma 
vitamin concentrations varied widely between cats with differences of 71 and 112% measured 
for retinol (± SD) (4.3 ± 0.8 µg/mL) and vitamin E (11.2 ± 4.2 µg/mL), respectively. Plasma 
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mineral concentrations varied from under 20% (calcium and magnesium) to over 60% for copper 
(0.06 ± 0.01 mg/dL) and iron (0.2 ± 0.1 mg/dL).  
Oxidative Stress Markers 
Activity of antioxidant enzymes (SOD and GPx) and antioxidant potential (FRAP) along 
with concentrations of DNA/RNA damage, TBARS, and PC as measured markers of OS in 
blood are presented in Table 3.9. Average SOD and GPx activities were 1.9 ± 2.8 units/mL and 
2,088 ± 1,609 nmol/min/mL, respectively. Analysis of blood GPx activity in 4 cats resulted in 
negative values; therefore, they were not included in average calculations or statistical analysis. 
Antioxidant potential (FRAP) averaged 255.6 ± 59.5 µM. Markers of OS damage including 
DNA/RNA damage, TBARS, and PC resulted in average values of 5,414 ± 1,232 pg/mL, 13.8 ± 
2.1 µM, and 24.4 ± 10.1 nmol/mL, respectively. Intra- and inter-assay CV’s for SOD, GPx, 
FRAP, DNA/RNA damage, TBARS, and PC were 8.6 and 98.8, 3.4 and 73.5, 7.0 and 23.3, 8.1 
and 22.7, 4.3 and 15.3, and 8.1 and 41.5 %, respectively. 
Significant variable correlations with OS markers are presented in Table 3.10 and Figure 
3.1. Dietary intakes of copper and sodium were the only nutrients correlated with markers of OS. 
Dietary copper intake was significantly correlated (p = 0.01) with blood DNA/RNA damage (R2 
= 0.44) indicating that elevated intakes of copper resulted in less DNA/RNA damage. 
Additionally, elevated GPx activity (R2 = 0.50) was correlated (p = 0.04) with higher intakes of 
sodium. 
Whole prey included in management plans of snow leopards occurred at rates between 
0.3 to 3 times/wk (Table 3.2). More frequent feeding of whole prey resulted in a significant 
positive correlation (p < 0.01) with blood SOD activity (R2 = 0.55) (Table 3.10 and Figure 3.1 
B).  
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3.5 Discussion 
Influence of various nutrients on OS have been well-documented in many domestic 
species but have not been effectively evaluated in exotic species. Lack of established nutrient 
requirements for exotic species leads to challenges in diet formulations that could result in 
imbalances of certain nutrients, possibly promoting OS. Results of studies assessing OS may be 
difficult to interpret as physiological responses to OS vary depending on severity, which itself is 
ill-defined as “baseline” or “normal” levels of OS are unknown and likely vary by species. For 
example, antioxidant enzyme activity may actually increase in states of “mild” OS in adaptation 
to protect the cell (Halliwell and Gutteridge, 2015). Additionally, many of these studies utilize 
artificial methods to induce nutrient overloads. Understanding and assessment of OS in relation 
to nutrient intake could be extremely useful for animal management as many diseases and 
physiologies including renal insufficiency (Yu and Paetau-Robinson, 2006) and sperm quality 
(Thuwanut et al., 2011) can be influenced by OS through damage to proteins, lipids, and DNA. 
The objective of this study was to evaluate nutrient influence and nutritional husbandry on OS 
markers in male snow leopards maintained in U.S. zoos. While correlations cannot deduce cause 
and effect between measures, they can indicate influence or impact of variables on one another 
and be applied to dietary formulations or further evaluated in relation to phenotypes such as renal 
disease or reproductive characteristics.  
Diet Intake 
All macronutrient intakes exceeded the adjusted nutrient allowances for domestic cats. 
Crude protein and fat intakes represented on average 56.7 and 32.1% of the dry matter, 
respectively while TDF intakes represented 3.4 to 7.3% of the dry matter and averaged 5.4%. 
The variation in DMI resulted in a range of ME intake from 6,633 to 17,499 kcals/wk (948 – 
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2,493 kcal/d). Daily ME requirements for adult exotic cats (NRC, 2006) is estimated at 55 – 260 
kcal x kg BW0.75. When considering individual metabolic body weights, snow leopards in the 
current study consumed an ME range of 70.1 to 196.4 kcal x kg BW0.75 with an average of 117.3 
kcal x kg BW0.75. This was within the range of estimated exotic cat requirements presented in the 
2006 NRC and provides a narrower range of estimated daily energy which may be particularly 
useful to snow leopard managers.   
Dietary vitamin A and E intakes compared with adjusted recommendations suggested 
apparent nutrient deficiencies based on data presented. Eight of the snow leopards did not 
consume adequate amounts of vitamin A and none of them consumed adequate vitamin E. This 
was a result of the lower than expected measured concentrations in the respective diets. 
Commercial diets are formulated to contain vitamin concentrations that meet or exceed domestic 
cat recommended allowances. For example, Nebraska Brand (Nebraska Packing Inc., North 
Platte, NE) approximates vitamin A and E concentrations of their feline diets to be between 3.1 – 
3.4 and 359.1 – 412.2 µg/g (DM), respectively; however, measured dietary vitamin A and E 
concentrations in the current study ranged from 0.11 – 1.4 and 0.71 – 1.2 µg/g (DM), 
respectively.  
The lower than expected intakes of vitamin A may be partially explained by protein 
source (Lee et al., 2007; Wood et al., 2008). The majority of snow leopards (n = 10) consumed 
horse as the protein source compared with those fed beef (n = 2), pork (n = 1) or a combination 
of all 3 protein sources (n = 1). On average, cats consuming the horsemeat-based diets consumed 
2.4 and 5.3 times more vitamin A (2,962 µg DM) compared with those fed beef or pork (1,236 
and 559.0 µg, respectively). Unfortunately, because 10 of 14 animals were fed horse-based diets 
and only 1 animal fed pork, conclusions about the protein source cannot be made. It is however 
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interesting to note that differences in carotenoid concentrations of grass-fed compared with 
grain-fed ruminants have been documented and suggest that diet of the animal prior to harvest 
plays a critical role in the nutrient composition of the meat (Daley et al., 2010). It is possible that 
horses fed more forage compared with beef and pork counterparts, produce meat that contains 
naturally higher concentrations of fat-soluble vitamins (Daley et al., 2010). It would be 
interesting to measure the vitamin concentrations of the source meats prior to commercial 
production and supplementation with premix formulations.  
All the snow leopards consumed less α-tocopherol than recommended weekly allowances 
(111,625 µg) for domestic cats (National Research Council, 2006) regardless of protein type 
(horse = 2,140, beef = 2,313, pork = 2,252 µg). The previously discussed natural vitamin 
variation within protein sources, does not explain the extreme observed deficiency of vitamin E. 
Additional explanations of these low vitamin concentrations could include variations in the 
vitamin premix formulations used, laboratory error, or storage conditions and lengths. It is 
unlikely that vitamin premix formulation errors occurred because all the diets analyzed appeared 
low regardless of product or company. Laboratory error is a possible explanation. A variety of 
methods exist for vitamin E determination in foods that include potential steps during analysis 
that could result in human error. Because of this, the HPLC method has been recommended for 
animal tissue and was the methodology utilized in the current study (Desai, 1984). While error 
can still occur and inter-laboratory variation exists, only one laboratory specializing in fat-
soluble vitamins was utilized in the present study. Therefore, if the methodology resulted in the 
low values, the values would all be consistently low as was measured in the current study.   
A likely explanation for lower than expected vitamin concentrations in the snow leopard 
diets was storage conditions and diet sample handling. Storage and freezing conditions (Desai, 
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1984) of commercial raw meat diets in zoos needs careful consideration and evaluation as it 
likely varies drastically among institutions. From date of manufacture, diet samples were frozen 
between 30 – 365 days. The freezing process can be detrimental to fat-soluble vitamins such as 
vitamins A and E largely due to lipid and fatty acid concentrations in the diet. For example, 
vitamin A (retinol) concentrations in fresh chicken livers were more than 44% lower after 90 
days of freezing at -18° C (Dos Santos et al., 2009). Fat can breakdown to form hydroperoxides, 
that are relatively stable at low temperatures, and can oxidize vitamins (Bender, 1992). The 
thawing process of frozen meats and storage temperature fluctuations are also important as 
continued fat degradation can form more hydroperoxides to further oxidize fat-soluble vitamins. 
Additionally, less investigated theories could be causing vitamin disappearance, such as 
microbial vitamin utilization or destruction. Raw meat diets contain high concentrations of a 
variety of microorganisms. Understanding the interaction of bacterial species in raw meat along 
with resulting vitamin concentrations could be useful to diet formulations that use raw meat as 
the primary ingredient of diets.  
Plasma vitamin E concentrations in the current study (5.5 – 19.4 µg/mL) were in range 
with serum vitamin E concentrations (5.6 – 16.8 µg/mL) reported in leopards (Crissey et al., 
2003; Ghebremeskel and Williams, 1988) despite very low measured vitamin E intakes. 
Similarly, plasma retinol concentrations in the current study (2.8 – 5.9 µg/mL) were higher than 
plasma and serum concentrations previously reported for leopards (Panther pardus, Uncia uncia) 
(0.4 – 0.6 µg/mL) (Crissey et al., 2003; Ghebremeskel and Williams, 1988) even in the cats that 
consumed less retinol than recommended. This could support the theory that laboratory 
evaluations of the diets were indeed measured consistently low. Additionally, plasma analysis of 
fat-soluble vitamins is not an ideal method to evaluate status. Absorption and metabolism of key 
	97				
nutrients is highly regulated and plasma concentrations may only change in cases of extreme 
deficiency or toxicity (Gropper and Smith, 2013). Measurement of vitamins in storage organs 
such as the liver would be the more accurate measurement locations for vitamin status; however, 
difficult to obtain.  
Maintenance of plasma nutrient concentrations was also reflected for minerals. Average 
copper intake was 27.6 mg compared with the average adjusted allowance of 14.7 mg; however, 
4 leopards consumed less than the recommended amount for their respective DMI. Even though 
the copper intakes varied by nearly 160% and some intakes were low, plasma copper 
concentrations only varied by 67% (average 0.06 mg/dL) and fell into ranges previously reported 
for domestic cats and cheetahs (0.02 – 0.1 mg/dL) (Dierenfeld, 1993; Vester et al., 2010; 
Depauw et al., 2012). Average plasma calcium (8.4), iron (0.2 mg/dL), magnesium (2.0), 
phosphorus (5.5), zinc (0.05), and potassium (16.1) concentrations (mg/dL) also fell into ranges 
previously reported for exotic and domestic cats (5.6 – 11.6, 0.02 – 0.1, 0.06 – 0.2, 1.9 – 2.4, 1.5 
– 6.5, 0.06 – 0.2, and 3.6 – 21.5 mg/dL) (Dierenfeld, 1993; Vester et al., 2010; Depauw et al., 
2012). Serum selenium is rarely reported for exotic cats but ranged from 0.0003 to 0.001 mg/dL 
in domestic cats and cheetahs (Depauw et al., 2012), lower than the current study (0.04 mg/dL).  
Oxidative Stress Markers 
Measures of plasma OS vary largely between species (Maral et al., 1977; Marklund et al., 
1982; Vernet et al., 2004) with differences of nearly 100-fold being reported across laboratory 
and livestock animals. Activity of plasma SOD in snow leopards (average 1.9 U/mL) was lower 
than observed in domestic cats (Felis catus) (9.6 U/mL) (Marklund, 1984). Cats overall, have 
lower SOD activity compared to rats (339.1 U/mL) and humans (29.7 U/mL) (Marklund, 1984). 
Plasma GPx activity and lipid damage in healthy domestic cats averaged 6.7 nmol/min/mg 
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protein (334 – 668 nmol/min/mL assuming 50 – 100 mg protein per mL plasma) (Piyarungsri 
and Pusoonthornthum, 2016) and 2.3 µM (Todorova et al., 2005), respectively, in previous 
studies which is considerably lower than our measured values (2,088 nmol/min/mL and 13.8 
µM). Some OS markers such as FRAP, PC, and DNA/RNA damage have not been evaluated in 
domestic cats, thus, other models must be used for comparison. Concentrations of plasma FRAP 
(255.6 µM) and protein damage (24.4 nmol/mL) in snow leopards fell outside ranges 
documented in human plasma (400 – 1,000 µM) (Lotito and Frei, 2004; Lotito and Frei, 2006) 
and 9.8 – 19.0 nmol/mL (Rossner et al., 2007; Yeh et al., 2008), respectively. Plasma DNA/RNA 
damage found in the current study (5,414 pg/mL) was within ranges found in rats (430 – 6,630 
pg/mL) (Kadiiska et al., 2005). Discrepancies observed in plasma OS markers between snow 
leopards, domestic cats, and other species are likely associated with species differences that 
make comparisons and conclusive inferences difficult. If wide differences between species exist, 
a data set of values for an unevaluated species will be valuable for future comparisons. 
Of all the nutrients evaluated, only copper and sodium intakes were correlated with 
markers of OS with elevated copper intakes correlated with reduced DNA/RNA damage and 
elevated sodium intakes correlated with higher GPx activity. The role of dietary copper in OS is 
not clear as both copper deficiency and toxicity can lead to OS (Gaetke and Chow, 2003). 
Copper supplementation (175 ppm) well-above requirements (10 ppm) in the diet of growing 
pigs resulted in a 9.0% reduction in plasma lipid damage compared to control diets with no 
supplemental copper, suggesting an antioxidant role of copper, though it had no significant effect 
on SOD or GPx (Lauridsen et al., 1999). Reductions in plasma DNA/RNA damage observed in 
the current study with higher copper intakes may result from reduced superoxide radical 
formation via the catalytic role of copper in SOD (Halliwell and Gutteridge, 2015), though this 
	99				
was not statistically significant in plasma. Based on the average intakes and adjusted nutrient 
allowances in the NRC, the ideal zinc to copper ratio for cats was 14.7 while the actual average 
intake ratio in the current study was 13.6. With the evidence that both copper and zinc act as 
oxidants and antioxidants and are antagonists, this ratio is likely very important when 
considering diet formulations. The ratio has been studied in relation to age related degenerative 
diseases and oxidative stress in humans; therefore, results of the present study indicate it likely 
has importance for snow leopards (Mezzetti et al., 1998; Malavolta et al., 2015). Any future 
research with cats related to dietary copper should also include consideration of zinc.  
Average sodium intakes were 4 times above recommended allowances and intakes were 
well above adequate in all cats with higher intakes correlated with increased GPx activity. Little 
work has been done assessing the correlation between dietary sodium and OS. High sodium diets 
have resulted in increased OS in rats (Hummel et al., 2012); therefore, this should be investigated 
in cats to assess the implications of the observed heightened GPx activity. Caution should be 
taken, however, to avoid concentrations of dietary sodium that may have undesired affects, as 
cats were already consuming more than the recommended allowance in the current study. This 
may be particularly important to consider when working with geriatric, hypertensive, or renal 
insufficient cats (Elliott, 2006; Jepson et al., 2007). 
Zoos often provide whole prey items as dietary enrichment. In the current study, all cats 
were offered whole prey, but frequency ranged from 3 times/wk to once per month (0.3 
times/wk). Consumption of whole prey provides a variety of nutrients, including insoluble 
animal fiber (Depauw et al., 2013) that may impact metabolism. Alterations in metabolism may 
provide some explanation of increasing whole prey feeding frequency’s correlation with 
increased SOD activity. The addition of soluble fiber (apple pectin, cocoa fiber, or β-glucan at 5 
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or 10% of the diet) to rat diets resulted in approximately 70% less plasma lipid peroxidation 
(Sánchez et al., 2011) while fermentable fiber (source not named) supplementation (10 and 20 
g/d) significantly increased total antioxidant capacity (Xie et al., 2015) compared to diets with no 
added fiber. Conversely, other studies using rats found little to no differences in lipid 
peroxidation between soluble (barley) and insoluble (cellulose and wheat bran) dietary fiber 
types (Belobrajdic et al., 2011). Conclusions on the role of dietary fiber in OS have not always 
agreed (Saha et al., 2017) and have not been evaluated in hypercarnivores such as cats. There 
were no correlations with markers of OS and TDF intakes that ranged from 3.4 to 7.3% of dry 
matter. Further research evaluating the role of animal fiber is definitely warranted.   
Conclusions 
 The current study is among the first to assess the correlation between nutrient intake and 
OS in an exotic cat species, thus providing additional data that may advance diet formulations. It 
was hypothesized that higher vitamins A and E intakes would reduce markers of OS and trace 
mineral balance would influence OS. In partial support of our hypothesis, sodium and copper 
intakes influenced GPx activity and DNA/RNA damage in male snow leopards, respectively. 
Very high intakes of iron indicate a need to carefully evaluate mineral concentrations and 
mineral balance in zoo carnivore diet formulations. While higher concentrations may be 
warranted for growth and reproduction, animals at maintenance likely do not require the very 
high concentrations of minerals measured in the current study. Contrary to our hypothesis, 
vitamin intake did not directly impact markers of OS. However, a more extensive study is 
required to address the stability of fat-soluble vitamins in raw meat diets including storage and 
handling to prevent potential degradation and loss. Based on the very low estimated intakes 
observed in the present study, supplementation of vitamins A and E may be warranted and 
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should be discussed within management teams to ensure adequate yet safe intakes, although 
replication of analysis in additional laboratories should also be considered. Based on markers of 
OS that we assessed, provision of weekly whole prey supplementation and higher dietary copper 
and sodium intakes may mitigate OS. Replication of this work should be expanded to other cat 
species to validate findings and assess species differences in markers of OS.  
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TABLES 
Table 3.1. Relevant husbandry survey questions distributed to animal managers at each 
institution during snow leopard sample collections1  
Q1. What best describes the male’s diet (if possible provide a sample copy of a weekly diet): 
a. Single commercial carnivore diet only. 
b. Variety or combination of commercial carnivore diets (include products and amounts) 
c. Commercial carnivore diet plus whole prey (rats, rabbits, birds, etc.). 
d. Whole prey items only 
Q2. If given whole prey items, what kind (type, size) and how often? 
Q3. Does this cat have a fast day? If so, how many days per week and what is offered? 
Q4. Using a body condition score index of 1 – 9, what is this cat’s BCS? 
Q5. What is this cat’s current body weight (include date the weight was obtained)? 
Q6. How often does the male receive enrichment items? 
Q7. Please provide examples “preferred” enrichment items: 
1 Survey was given verbally by the same sample collector for each institution.  
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Table 3.2. Survey data demographics of male snow leopards housed in North American zoos 
Cat Weight (kg) 
Age 
(years) 
Diet 
Protein 
Source(s) 
Weekly 
As-Fed 
Intake (g) 
Weekly 
Dry Matter 
Intake (g) 
Fasting 
Days1 
Whole 
Prey 
Frequency2 
1 43.0 3.5 Beef 7,000 2,400 2 0.4 
2 38.5 9.5 Horse 6,000 2,000 1 3.0 
3 36.8 7.5 Horse 7,900 2,700 1 1.0 
4 44.0 15 Horse 9,500 3,300 0 0.3 
5 40.0 7 Pork 9,100 2,800 2 1.0 
6 40.9 7 
Beef, 
pork, 
horse 
6,600 2,100 1 1.0 
7 32.3 6 Horse 10,900 3,600 1 1.0 
8 30.5 3 Horse 8,200 2,700 1 1.0 
9 30.5 11 Horse 8,200 2,700 1 1.0 
10 41.0 11 Horse 4,800 1,700 3 3.0 
11 41.8 7 Horse 5,400 1,700 1 0.3 
12 30.7 5 Beef 6,000 2,100 0 0.5 
13 48.9 16 Horse 6,400 1,900 0 2.0 
14 32.2 11 Horse 7,000 2,400 2 0.5 
1 Fasting days and whole prey feeding frequencies are per week.  
2 Whole prey frequency was calculated by dividing per month feeding frequencies by four (wks).	  
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Table 3.3. Assay kits performed to determine oxidative stress in serum and plasma of male snow leopards1,2 
Assay Kit Catalog Number Sample  
Dilution 
Factor 
Standard 
Curve 
Reporting 
Range 
Biomolecular Measures OS Indication Reporting Units 
TBARS 700870 Serum None 0 – 50 µM Malondialdehyde Lipid damage µM 
PC 10005020 Serum None N/A 2,4-dinetrophenylhydrazine Protein damage nmol/mL 
DNA/ 
RNA 589320 Plasma 1:74 
10.3 – 3,000 
pg/mL 
8-hydroxy-2’-
deoxyguanosine, 
8-hydroxyguanosine, 
8-hydroxyguanine 
DNA or RNA 
damage pg/mL 
SOD3 706002 Plasma 1:5 0.005 – 0.05 Unit/mL4 Superoxide radical Antioxidant Unit/mL
 
GPx 703102 Plasma 1:20 
0.5 – 1.2 
initial 
absorbance 
NADPHàNADP+ Antioxidant nmol/min/mL 
1 All kits were purchased from Cayman Chemical Company (Ann Arbor, MI). 
2 TBARS = thiobarbituric acid reactive substances; PC = protein carbonyls; SOD = superoxide dismutase; GPx = glutathione 
peroxidase. 
3 Assay kit measures Cu/Zn, Fe, and Mn SOD. 
4 One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. 
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Table 3.4. Macronutrient, energy, and vitamin composition of commercial raw meat diets fed to male snow leopards (dry matter 
basis)1,2 
Cat DM (%) 
OM  
(%) 
Protein 
(%) 
Fat 
(%) 
TDF  
(%) 
ME3 
(kcals/kg) 
Retinol 
(µg/g) 
α-Tocopherol 
(µg/g) 
1 34.5 91.1 55.5 32.2 5.5 5.1 1.0 1.1 
2 34.1 90.5 56.8 25.8 7.0 4.6 2.3 1.2 
3 33.9 92.7 63.1 26.6 5.4 4.9 1.8 0.8 
4 35.1 92.2 55.2 33.7 5.1 5.2 1.5 0.7 
5 30.9 92.8 53.0 37.0 5.1 5.5 0.05 0.9 
6 32.2 92.5 56.1 33.2 3.8 5.2 0.5 1.0 
7 32.6 91.1 56.1 33.4 5.5 5.3 0.2 0.9 
8 32.6 91.1 56.1 33.4 5.5 5.3 0.2 0.9 
9 32.6 91.1 56.1 33.4 5.5 5.3 0.2 0.9 
10 34.7 93.0 49.3 43.8 6.3 5.9 2.3 0.9 
11 30.9 93.9 71.1 21.1 3.4 4.7 2.4 1.0 
12 34.2 90.8 45.3 38.7 7.3 5.3 0.2 1.1 
13 30.5 91.8 67.8 19.4 5.2 4.5 2.4 1.2 
14 33.0 91.7 54.7 34.4 4.3 5.3 0.4 0.8 
SD 1.6 1.0 7.2 7.2 1.2 0.4 1.0 0.1 
Average 33.0 92.0 57.0 31.6 5.3 5.1 1.2 1.0 
1 DM = dry matter; OM = organic matter; TDF = total dietary fiber; ME = metabolizable energy. 
2 Cats 7, 8, and 9 were fed the same diet. 
3 Calculated using unmodified Atwater values: 9 kcal/g of fat + 4 kcal/g of CP + 4 kcal/g of nitrogen-free extract.  
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Table 3.5. Mineral composition of commercial raw meat diets fed to male snow leopards (dry matter basis)1 
Cat S  (%) 
P  
(%) 
K  
(%) Mg (%) 
Ca  
(%) 
Na  
(%) 
Fe 
(ppm) 
Mn 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) Zn:Cu 
1 0.7 1.3 1.1 0.1 2.1 0.3 671.8 40.2 10.7 111.8 10.4 
2 0.7 1.6 1.0 0.1 2.6 0.3 702.9 48.8 11.6 122.1 10.5 
3 0.6 1.5 1.0 0.1 1.7 0.4 391.1 23.6 5.4 140.3 26.0 
4 0.5 1.4 0.9 0.1 1.6 0.4 356.5 33.0 6.1 137.1 22.5 
5 0.6 0.8 1.0 0.1 1.3 0.4 755.6 43.4 28.6 174.8 6.1 
6 0.6 1.0 0.1 0.1 1.8 0.5 582.3 42.8 18.1 132.8 7.3 
7 0.6 1.2 1.1 0.1 2.0 0.3 609.0 46.1 13.4 120.1 9.0 
8 0.6 1.2 1.1 0.1 2.0 0.3 609.0 46.1 13.4 120.1 9.0 
9 0.6 1.2 1.1 0.1 2.0 0.3 609.0 46.1 13.4 120.1 9.0 
10 0.5 1.2 0.8 0.1 1.4 0.4 375.6 33.3 7.0 124.5 17.8 
11 0.7 1.1 1.1 0.1 0.9 0.3 266.0 19.3 6.0 126.7 21.1 
12 0.6 1.2 0.8 0.1 1.8 0.3 628.7 35.7 5.6 82.6 14.8 
13 0.7 1.3 1.1 0.1 1.7 0.3 548.8 31.5 9.4 145.9 15.5 
14 0.7 1.3 1.1 0.1 2.0 0.4 792.9 37.1 10.0 121.1 12.1 
SD 0.1 0.2 0.3 0.0 0.4 0.1 158.9 8.9 6.2 20.3 6.2 
Average 0.6 1.2 1.0 0.1 1.8 0.3 564.2 37.6 11.3 127.1 13.7 
1 Cats 7, 8, and 9 were fed the same diet.  
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Table 3.6. Weekly calculated macronutrient and vitamin intakes of male snow leopards from raw meat diets (dry matter basis)1,2,3 
Cat DMI (g) 
OM 
(g) 
Protein 
(g) 
Fat 
(g) 
TDF 
(g) 
ME4 
(kcals) Retinol (µg) 
α-Tocopherol 
(µg) 
1 2,400 2,209 1,346 779.3 132.3 13,997 2,320 2,611 
2 2,000 1,845 1,158 526.9 143.8 9,440 4,713 2,484 
3 2,700 2,476 1,686 710.3 144.5 13,139 4,724 2,181 
4 3,300 3,078 1,843 1,125 170.3 17,499 5,043 2,464 
5 2,800 2,605 1,489 1,040 142.0 15,313 126.9 2,397 
6 2,100 1,974 1,197 708.0 81.4 11,160 991.1 2,108 
7 3,600 3,233 1,991 1,185 194.7 18,622 845.1 3,167 
8 2,700 2,425 1,493 888.5 146.0 13,967 633.9 2,375 
9 2,700 2,425 1,493 888.5 146.0 13,967 633.9 2,375 
10 1,700 1,553 823.9 731.5 105.8 9,878 3,783 1,462 
11 1,700 1,580 1,197 354.5 56.4 9,296 4,072 1,617 
12 2,100 1,875 935 799.4 151.5 10,935 396.9 2,219 
13 1,900 1,780 1,314 375.9 101.0 8,639 4,683 2,238 
14 2,400 1,151 687 431.8 53.9 6,633 485.7 1,034 
SD 570.6 589.5 371.7 264.1 41.3 3,475 1,984 526.9 
Average 2,436 2,158 1,332 753.2 126.4 12,320 2,389 2,195 
Recommended 
Allowance/1,000 g DM5 - 250 112.5 - - 1,250 47,500 
Recommended 
Allowance/2,000 g DM - 500 225.0 - - 2,500 95,000 
Recommended 
Allowance/3,000 g DM - 750 337.5 - - 3,750 142,500 
Recommended 
Allowance/4,000 g DM - 1,000 450.0 - - 5,000 190,000 
1 Weekly macronutrient, energy, and vitamin intakes were calculated from individual raw meat diet analyses and diet records. 
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2 DMI = dry matter intake; OM = organic matter; TDF = total dietary fiber; ME = metabolizable energy. 
3 Cats 8 and 9 were fed the same amount of the same diet. 
4 Calculated using unmodified Atwater values: 9 kcal/g of fat + 4 kcal/g of CP + 4 kcal/g of nitrogen-free extract. 
5 Recommended allowance for nutrients were calculated by adjusting the allowance column for adult cats for maintenance in the NRC 
(National Research Council, 2006) to a diet containing 5,000 kcal ME/kg DM. These values are presented from 1,000 – 4,000 g of 
DM to represent the ranges of snow leopard intake.  
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Table 3.7. Weekly calculated mineral intake of male snow leopards from raw meat diets (dry matter basis)1,2  
Cat DMI (g) 
S  
(g) 
P  
(g) 
K  
(g) 
Mg  
(g) 
Ca  
(g) 
Na  
(g) 
Fe  
(mg) 
Mn 
(mg) 
Cu 
(mg) 
Zn 
(mg) Zn:Cu 
1 2,400 16.2 31.0 26.3 2.9 51.1 8.3 1,628 97.4 26.1 271.0 10.4 
2 2,000 13.7 33.0 19.5 1.7 51.9 5.6 1,434 99.6 23.6 248.9 10.6 
3 2,700 14.8 38.9 26. 7 2.8 44.9 10.8 1,045 63.0 14.5 374.7 25.9 
4 3,300 16.9 45.4 30.3 3.2 53.5 12.7 1,190 110.2 20.4 457.8 22.4 
5 2,800 18.0 23.3 28.4 2.4 35.3 10.5 2,121 121.8 80.2 490.6 6.1 
6 2,100 13.4 20.6 19.5 2.0 38.8 10.4 1,243 91.4 38.5 283.4 7.4 
7 3,600 21.7 43.8 38.0 3.9 71.7 12.0 2,162 163.5 47.7 426.3 8.9 
8 2,700 16.3 32.8 28.5 2.9 53.8 9.0 1,622 122.7 35.8 319.7 8.9 
9 2,700 16.3 32.8 28.5 2.9 53.8 9.0 1,622 122.7 35.8 319.7 8.9 
10 1,700 7.7 20.6 13.5 1.5 24.1 6.7 627.0 55.6 11.7 207.8 17.8 
11 1,700 11.0 18.8 18.3 1.6 15.3 5.3 447.6 32.5 10.1 213.1 21.1 
12 2,100 11.4 25.1 15.6 1.3 36.4 5.4 1,298 73.7 11.6 170.5 14.7 
13 1,900 13.6 25.3 20.4 1.6 32.8 4.9 1,064 61.0 18.3 282.8 15.4 
14 2,400 8.7 15.9 14.0 1.4 25.1 4.4 995.8 46.6 12.5 152.2 12.2 
SD 570.6 3.8 9.3 9.4 0.8 15.1 2.8 492.4 36.5 19.2 104.6 6.1 
Average 2,436 14.2 29.0 23.4 2.3 42.0 8.2 1,321 90.1 27.6 301.3 13.6 
Recommended 
Allowance/1,000 g DM3  3.3 6.5 0.5 3.6 0.9 100.0 6.0 6.3 92.5  
Recommended 
Allowance/2,000 g DM  6.6 13.0 1.0 7.2 1.8 200.0 12.0 12.6 185.0  
Recommended 
Allowance/3,000 g DM  9.9 19.5 1.5 10.8 2.7 300.0 18.0 18.9 277.5  
Recommended 
Allowance/4,000 g DM  13.2 26.0 2.0 14.4 3.6 400.0 24.0 25.2 370.0  
1 Weekly mineral intakes were calculated from individual raw meat diet analyses and diet records. 
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2 Cats 8 and 9 were fed the same amount of the same diet. 
3 Recommended allowance for nutrients were calculated by adjusting the allowance column for adult cats for maintenance in the NRC 
(National Research Council, 2006) to a diet containing 5,000 kcal ME/kg DM. These values are presented from 1,000 – 4,000 g of 
DM to represent the ranges of snow leopard intake.  
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Table 3.8. Concentrations of plasma vitamins and serum minerals in male snow leopards1 
Cat Retinol (µg/mL) 
α-
Tocopherol 
(µg/mL) 
Ca 
(mg/dL) 
Cu 
(mg/dL) 
Fe 
(mg/dL) 
K 
(mg/dL) 
Mg 
(mg/dL) 
Mo 
(mg/dL) 
P 
(mg/dL) 
Se 
(mg/dL) 
Zn 
(mg/dL) 
1 3.4 12.7 9.0 0.05 0.1 14.6 2.0 0.0003 6.3 0.04 0.05 
2 3.9 9.4 7.9 0.05 0.1 17.4 1.9 0. 0004 5.6 0.04 0.05 
3 5.1 6.6 8.2 0.04 0.2 14.7 1.9 0. 0003 4.4 0.04 0.04 
4 4.4 19.4 7.9 0.05 0.1 16.5 2.0 0. 0003 5.2 0.04 0.04 
5 4.0 7.8 8.8 0.06 0.1 17.1 2.0 0. 0003 5.6 0.04 0.05 
6 4.6 10.0 8.0 0.05 0.4 14.9 1.8 0. 0003 5.6 0.04 0.06 
7 3.7 7.0 8.5 0.07 0.6 17.4 2.0 0. 0004 5.1 0.05 0.06 
8 4.2 5.5 8.8 0.07 0.2 17.7 2.0 0. 0006 5.0 0.06 0.05 
9 4.5 8.7 8.3 0.06 0.1 13.2 1.9 0. 0002 5.4 0.04 0.05 
10 4.1 14.6 9.0 0.08 0.1 16.2 1.9 0. 0002 5.8 0.04 0.05 
11 5.9 10.9 7.5 0.04 0.1 13.7 2.1 0. 0000 4.4 0.03 0.07 
12 5.1 15.7 8.9 0.07 0.3 17.6 2.0 0. 0010 5.9 0.05 0.05 
12 2.8 17.2 8.3 0.08 0.1 17.8 2.0 0. 0007 7.0 0.05 0.05 
14 4.3 11.2 - - - - - - - - - 
SD 0.8 4.2 0.5 0.01 0.1 1.6 0.1 0. 0003 0.7 0.01 0.01 
Average 4.3 11.2 8.4 0.06 0.2 16.1 2.0 0. 0004 5.5 0.04 0.05 
1 Due to small sample size, plasma minerals could not be analyzed for cat 14.  
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Table 3.9. Concentrations of markers of oxidative stress in blood of male snow leopards1 
Cat SOD
2,3  
(U/mL) 
GPx4 
(nmol/min/mL) 
FRAP  
(µM) 
DNA/RNA 
Damage5 
(pg/mL) 
TBARS 
 (µM) 
PC  
(nmol/mL) 
1 1.7 1,527 242.0 3,265 13.4 14.1 
2 10.7 - 177.2 6,316 15.1 26.5 
3 0.7 4,422 254.9 6,038 13.9 20.3 
4 1.9 4,167 252.1 5,263 11.7 26.7 
5 1.8 26.2 225.7 5,627 16.1 34.0 
6 0.4 2,654 284.0 4,710 14.2 26.3 
7 0.03 - 183.5 3,748 14.5 23.9 
8 0.06 3,339 321.7 5,221 15.9 37.8 
9 0.00 1,909 187.6 4,141 13.6 18.5 
10 5.0 1,559 275.1 4,484 14.4 14.7 
11 0.8 1,111 236.7 6,985 9.0 0.8 
12 1.4 - 405.7 7,347 12.0 33.3 
13 1.3 164.5 279.2 6,618 17.1 27.7 
14 1.0 - 252.8 6,028 12.1 36.4 
SD 2.8 1,609 59.5 1,232 2.1 10.1 
Average 1.9 2,088 255.6 5,414 13.8 24.4 
1 SOD = superoxide dismutase; GPx = glutathione peroxidase; TBARS = thiobarbituric acid reactive substances; PC = protein 
carbonyls; FRAP = ferric reducing antioxidant potential. 
2 One unit (U) of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. 
3 Assay values for cats 1 – 6 and 10 – 14 fell outside the range of the standard curve.  
4 Samples with “-” had negative values for GPx analysis. 
5 Assay values for all cats fell outside the range of the standard curve.   
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Table 3.10. Significant variables from multiple regression analyses of diet proximates, minerals, 
vitamins, and fatty acids on markers of oxidative stress in the blood of male snow leopards 
Marker Variable R2 Correlation P-Value 
Oxidative Damage Markers 
DNA/RNA Damage Copper 0.44 Negative 0.01 
Antioxidant Markers 
SOD Whole prey frequency 0.55 Positive < 0.01 
GPx Sodium 0.43 Positive 0.04 
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Figure 3.1. Linear regression of (A) copper (p = 0.01), (B) whole prey (p < 0.01), and (C) 
sodium (p = 0.04) intakes with markers of OS in plasma of male snow leopards.  
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Abstract: The brain is particularly susceptible to oxidative stress (OS) and damage to 
membranes is associated with decline in learning and memory, ultimately impacting animal 
welfare. Diet can mitigate OS through antioxidants or pro-oxidants. One possible antioxidant is 
vitamin E, which can cross the blood-brain barrier to defend against OS. Therefore, our 
objectives were to assess the impact of three dietary vitamin E concentrations (20, 90, and 400 
ppm) on markers of OS, maze learning performance, and anxious behaviours, in 18, 3-wk old 
Long-Evans feeder rats (9 male, 9 female) fed for 9 wks. Vitamin E concentrations, antioxidant 
enzymes (superoxide dismutase [SOD] and glutathione peroxidase [GPx]), and oxidative protein 
(protein carbonyls [PC]) and lipid (thiobarbituric acid reactive substances [TBARS]) damage 
were measured in plasma or serum. TBARS also were measured in the hippocampus. Maze 
learning performance (time to complete maze and errors made) and behavioural indicators of rat 
anxiety (freezing, grooming, rearing, urination, defecation, and vocalization) were assessed for 
10 consecutive min in an eight-arm radial maze over a 5-wk period with testing occurring 6 
d/wk. Diet, sex, litter, and testing wk and the diet x test wk interaction were tested as fixed 
effects. Activity of SOD was lower in rats fed 400 ppm vitamin E (1.0 U/mL) compared to rats 
fed 20 (2.9 U/mL; P < 0.001) and 90 (1.7 U/mL; P = 0.002) ppm. Protein carbonyl 
concentrations were higher (P = 0.022) (0.7 nmol/mg) in rats consuming 400 ppm vitamin E 
compared to rats fed the 20 or 90 ppm vitamin E treatments (0.5 nmol/mg). Plasma vitamin E 
increased (P < 0.050) with dietary treatment and SOD decreased as plasma vitamin E increased 
(R2 = 0.46; P = 0.002) but PC (R2=0.16; P = 0.090) concentrations tended to increase along with 
plasma vitamin E. There were no differences (P > 0.050) in maze learning performance between 
rats across dietary treatment groups. Feeder rats fed 20 ppm vitamin E exhibited a higher 
frequency (P < 0.001) and duration (P < 0.001) of freezing behaviours compared to other 
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treatment groups, indicating heightened anxiety. Rats fed 400 ppm vitamin E exhibited a lower 
grooming frequency (P < 0.001) and duration (P < 0.001) compared to other treatment groups, 
possibly indicating less anxiousness. When regression analysis was conducted with average 
maze performance and OS markers, working memory errors increased along with serum TBARS 
concentrations (R2 = 0.26; P = 0.033); however, no OS markers were correlated with maze 
behaviours. In conclusion, higher dietary vitamin E concentrations did reduce anxious 
behaviours, but did not alter maze learning performance and was correlated with increased OS in 
feeder rats. These results suggest very high concentrations of dietary vitamin E are not beneficial 
for feeder rat welfare. 
Keywords: behaviour, feeder animal, Long Evans rat, radial-arm maze, welfare, zoo  
4.2 Introduction 
Oxidative stress (OS) is defined as an imbalance of pro- and anti-oxidant compounds in 
favour of pro-oxidants (Sies, 1985). Pro-oxidants, namely reactive oxygen species (ROS), are 
highly reactive due to an unpaired electron which can attack and damage biological molecules 
including proteins, lipids, DNA, and RNA (Halliwell & Gutteridge, 2015b). Due to its high 
polyunsaturated fatty acid (PUFA) and iron content along with high oxygen consumption 
(Halliwell, 2001), the brain is particularly susceptible to OS. Brain damage from OS can result in 
degeneration (Fukui et al., 2002), alteration of neurotransmitters and their receptors (Joseph et 
al., 1998), and compromised neuronal excitability or synaptic function (Wu et al., 2010). Many 
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease (Niedzielska et al., 
2016) as well as a general decline in learning, memory (Revel et al., 2015), and anxiety 
(Bouayed et al., 2009) have been linked to OS. 
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Nutrition plays a key role in OS through the provision of non-enzymatic and dietary 
antioxidants. Antioxidant supplementation can improve learning performance in species such as 
humans (Morris et al., 2002), dogs (Milgram et al., 2002), and rodents (Fukui et al., 2002; Joseph 
et al., 1998; Kashif et al., 2004; Wu et al., 2010) and has also been shown to mitigate anxious 
behaviours (Xu et al., 2014). Vitamin E is an effective antioxidant in modulating OS, particularly 
in the brain (Gropper & Smith, 2013; Wu et al., 2010). Unfortunately, previously published 
rodent studies have not linked specific and measured dietary vitamin E concentrations with OS 
and resulting learning performance or anxious behaviours. (Fukui et al., 2002; Joseph et al., 
1998; Kashif et al., 2004; Wu et al., 2010). Welfare of animals raised as food for other animals is 
inherently important and has not been assessed previously. Additionally, rodents can serve as 
models for other species making results applicable to exotic rodents. Therefore, the objectives of 
this study were to assess the impact of three dietary vitamin E concentrations on (1) OS markers 
and (2) learning performance and anxiety behaviours in a radial arm maze (RAM) in feeder rats. 
It was hypothesized that rats fed higher dietary vitamin E concentrations would have lower OS 
markers levels, superior learning performance and fewer anxiety behaviours. 
4.3 Methods 
Research protocols were approved by Omaha’s Henry Doorly Zoo & Aquarium’s Animal 
Care and Use Committee before animal experimentation (Protocol #2017004). 
Animals, Housing, and Testing 
Experimental Procedure 
Infant Period. From birth through three wks of age (not included in study timeline). Two 
litters born from the feeder animal colony at Omaha’s Henry Doorly Zoo & Aquarium provided 
18 Long-Evans rats (9 males and 9 females; initial body weight [BW] 29.1 – 45.9 g). The two rat 
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litters remained with their mothers in two 46 x 24 x 20 cm plastic cages with wire lids until 3 
wks of age at which time the young rats were housed individually in the same size cages as 
described above. Throughout the study, rats were housed at room temperature of 24 ± 2°C with 
60% relative humidity (RH). Lighting was on a 10-h light:14-h dark cycle with 27.4 average 
LUX. Cages contained approximately 2.5 cm of corncob bedding and one 10 x 20 cm piece of 
cardboard, which was replaced bi-weekly. Water was provided ad libitum via plastic 550 mL 
water bottles (Girton Manufacturing Co., Inc., Millville, PA. Model 16 – 38).  
Baseline Period: Wk 1. Rats were placed onto trial when they were 3 wks of age and 
housed individually (home cage) in the study colony room. All rats were fed (ad libitum) a 17 
ppm vitamin E (dl-α tocopheryl acetate) diet (TestDiet®, St. Louis, MO) once per day in the 
morning in their home cage and feed intake was measured daily (0.1 g; Mettler-Toledo, LLC., 
Model XP8001M, Columbus, OH). Ingredient and chemical composition of all diets are 
presented in Tables 4.1 and 4.2, respectively. Study rats were too small for blood collection 
without compromising long-term health. Therefore, blood was collected from littermates (one 
male and female from each litter) that were not used in the study at the conclusion of the one-
week baseline period to establish baseline vitamin E levels. Rats were anesthetized by veterinary 
staff in an induction chamber with sevoflurane (SevoFlo®, Zoetis Inc., Kalamazoo, MI; 8% in 1L 
oxygen). Once anesthetized, rats were maintained on sevoflurane (4% in 1L oxygen) via 
facemask, while veterinary staff collected 2-3 mL of arterial blood via cardiac puncture (non-
terminal) using a 22-gauge needle, 3 mL syringe (Monoject™, Covidien™, Minneapolis, MN). 
Blood was collected into one Vacutainer tube (Becton, Dickinson and Company, Franklin Lakes, 
NJ) containing 1.8 mg EDTA/mL for plasma collection and centrifuged at 1,000 x g for 10 min 
to separate plasma which was stored at -80°C.  
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Dietary Acclimation Period: Wks 2 - 5. Rats were blocked into three groups and fed their 
assigned vitamin E dietary treatments (TestDiet®, St. Louis, MO; 100% ad libitum) once per day 
in the morning in their home cage with no maze testing. Utilizing a complete randomized block 
design, study rats were blocked by sex, litter, and BW and were randomly assigned to one of 
three dietary treatment groups: 1) 20 ppm: BW 72.7 g ±15.0 (n = 6); 2) 90 ppm: BW 73.4 g 
±10.8 (n = 6); or 3) 400 ppm: BW 73.2 g ± 6.8 (n = 6). Feed intake was measured daily (0.1 g; 
Mettler-Toledo, LLC., Model XP8001M, Columbus, OH). 
All diets were formulated to meet nutrient growing rat requirements (National Research 
Council, 1995) apart from, and varying only in, vitamin E. Diets were stored at 2°C and 35% 
RH. The vitamin E requirement for rats is 18 ppm (27 IU/kg) and many commercially available 
rat diets are formulated at approximately 50 ppm (Mazuri® (PMI Nutrition International, St. 
Louis, MO) Rat & Mouse Diet (5663); LabDiet® (Land O’Lakes, Inc., St. Louis, MO) 
Laboratory Rodent Diet (5001); LabDiet® Rat Diet (5012). Therefore, diets were originally 
formulated at 8 ppm to represent a deficient diet, 50 ppm to represent commercially available 
diets, and 300 ppm to represent a high vitamin E diet. However, laboratory diet analyses revealed 
actual concentrations of 22.0, 87.5, and 388.8 ppm in diets, respectively, and will be referred to 
as 20, 90, and 400 ppm dietary treatments. Rats were maintained on assigned dietary treatments 
throughout the study (wks 2-11). During wk 5, rats were handled daily for five consecutive min 
by one of four consistent research staff for habituation. Handling included physical interaction 
with rats in their cage, picking up rats, and holding rats in arms. 
Exploratory Period: Wk 6. Rats were individually transported in their home cages from 
the colony room to the maze testing room and placed in the center of an eight-arm radial maze 
facing arm 5 (RAM; Country Plastics, Ames, IA; Figure 4.1). The RAM was elevated 10 cm 
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above the floor on a wooden platform (114 cm diameter). The maze was 132 cm in diameter with 
white, opaque Plexiglas floor and clear Plexiglas walls (40 cm height). Each radial arm was 20-
cm wide and 40-cm long radiating from an octagonal center (52 cm diameter). A white 
guillotine-style door (20.5 x 40 cm) was located between each arm and the maze center. 
Centered at the end of each arm was a clear Plexiglas food cup 5 cm in diameter and depth, 
recessed 5 cm below the maze floor. The maze remained in a constant orientation throughout the 
experiment. Black fabric curtains were hung on shelving units (216 x 264 cm) and blocked all 
visual cues except the room door, ceiling, and two, fixed extra-maze cues for learning landmarks. 
One cue was a blue paper square (30.5 x 30.5 cm) located at the end of arm number 3 and one 
green paper triangle (30 x 30 cm) located at the end of arm 7. Shapes were hung on the curtains 
above the top of maze walls (32 cm above the floor). The maze was located in a 2.72 x 2.64 m 50 
LUX room maintained at 22 ± 2°C with 57% RH.  
Rats individually explored the RAM for 10 min without data collection for 6 consecutive 
days. Each rat explored the maze in the same order, alternating between dietary treatment 
groups, starting at 08 00. Eight apple pieces were placed, one piece per arm, (without skin 
weighing ~1.5 g total) to encourage exploration. Apple pieces were placed within 12 cm of the 
maze center on the first day and moved 10-15 cm closer to the cups at the end of the maze arms 
on each successive day. On the last day of the exploratory period, all apple pieces were placed in 
respective recessed food cups. Rats continued to be fed at 100% ad libitum of their treatment 
diets once per day in their home cage during the exploratory period. Each rat was fed in the 
morning immediately after they had completed their individual exploratory trial.  
Maze Learning Performance and Anxiety Behaviour Testing Period: Wks 7 - 11. Maze 
testing wk 1 was wk 7 of the entire study, and testing wk 5 was wk 11 of the entire study. Rats 
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were individually tested in the RAM for maze learning performance and rat anxiety behaviours. 
Rats were fed at 80% ad libitum of their treatment diet (measured daily). Rats were fed after they 
had completed their testing trials. Maze learning performance and anxiety behaviour testing 
occurred in the same order from the exploratory period and consisted of two daily trials with a 
three-hour separation between trial one and two. Rats were transported in their home cages from 
the colony-to the maze and placed in the center of the maze, facing arm 5. In both trials, one 
apple piece (without skin weighing ~25 mg) was accessible in four randomly assigned (via 
random number generator) maze arms, defined as “goal arms”. The goal arms remained 
consistent for all rats throughout maze learning performance and anxiety behaviour testing. To 
avoid scent bias, a mesh barrier was inserted above one apple piece in food cups (without skin 
weighing ~25 mg) in food cups of the remaining four arms (defined as “non-goal arms”) to block 
rat access. In the first trial, guillotine doors blocked access to non-goal arms. During the second 
trial, guillotine doors were removed and rats had access to all eight RAM arms.  
Rats were returned to their home cage after they had consumed food in all baited arms or 
10 min had elapsed. The maze was thoroughly cleaned with 70% ethanol between all trials to 
prevent odor cues. All uneaten apple pieces were placed in the rat’s home cage at the end of each 
trial. Maze learning performance and anxiety behaviour testing was conducted for six 
consecutive days each wk, or until the rat reached criterion which was defined as making no 
error in the second trial for two consecutive days.  
In all trials, one experimenter was present in the maze room during testing, visible to rats. 
Via live observation, learning performance measures included latency to find all apple slices 
(TTF), latency to consume all apple slices (TTC), entry into an unbaited arm (long term or 
reference memory errors [RME]) or re-entry into an arm after the food had already been 
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consumed (short term or working memory errors [WME]). A total errors (TE) category was 
created by summing RME + WME.	Anxiety behaviours included urination, defecation, and 
vocalization frequency and were all collected live (Table 4.3). A video camera (Sony 
HandyCam, HDR-SR7, Tokyo, Japan) was positioned 3.4 m above the ground in the maze room 
using an articulated arm mount attached to a ceiling support beam. Video continuously recorded 
the second trial in colour at 30 fps. Continuous behavioural observations were conducted later by 
one observer blinded to dietary treatments. The observer was trained by a trainer with previous 
behavioral observation experience as previously described by Caro et al. (1979) and Martin and 
Bateson (1993). Inter-observer reliability testing was conducted using three maze videos that 
included one rat per dietary treatment, in trial two, of study wk 7, and inter-observer agreement 
was ≥ 93% (Caro et al., 1979). Frequency (occurrences/trial) and duration (seconds/occurrence) 
for rear, freeze, and groom behaviours were recorded (Table 4.3). 
Post mortem  
After meeting maze criteria (no errors for two consecutive days), or after 5 wks of maze 
training during the Maze Learning Performance and Anxiety Behaviour Testing Period, rats were 
fasted overnight and anesthetized by veterinary staff in an induction chamber with sevoflurane 
(SevoFlo®, Zoetis Inc., Kalamazoo, MI; 8% in 1L oxygen) and weighed to the nearest 0.1 g 
(Adam Equipment®, Compact Balance, model 1001, Oxford, CT). Once anesthetized, rats were 
maintained on sevoflurane (4% in 1L oxygen) via facemask and 6.5 to 16.0 mL of arterial blood 
was collected via cardiac puncture (22-gauge needle, 3 mL syringe; Monoject™, Covidien™, 
Minneapolis, MN) to exsanguination and heart beat was absent. Blood was divided into two 
separate Vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, NJ), one serum 
separator tube and one tube containing 1.8 mg EDTA/mL for plasma collection. Blood was 
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centrifuged at 1,000 x g for 10 min to separate serum and plasma and stored at -80°C until 
analyses. The hippocampus was also collected and approximately 25 mg of tissue was 
homogenized with 250 µL of RIPA buffer and centrifuged at 1,600 x g for 10 min. Supernatant 
was collected and stored at -80°C until analyses.  
Oxidative Stress Markers 
Multiple markers of OS were measured in plasma and serum. Analyses were conducted 
using commercially available assay kits purchased (Cayman Chemical Company, Ann Arbor, 
MI) and were performed according to the recommendations of the manufacturer and analyzed 
via microplate spectrophotometer (Epoch, BioTek Instruments Inc., Winooski, VT). Protein 
carbonyl (PC) (catalog number 10005020) concentrations were measured as an indicator of 
protein damage in plasma and data were reported as nmol/mg protein. Protein content of blood 
plasma was determined via bovine serum albumin assay (Smith et al., 1985) using the Pierce™ 
BCA Protein Assay Kit (Thermo Scientific, catalog number: 23227, Waltham, MA). 
Thiobarbituric acid reactive substances (TBARS) (catalog number 700870) were measured as 
indicators of lipid damage in serum and hippocampus. No dilutions were necessary in serum and 
data were reported as µM of malondialdehyde (MDA). Antioxidant enzymes superoxide 
dismutase (SOD) and glutathione peroxidase (GPx) are two of the most commonly measured 
markers to evaluate OS. Both SOD and GPx (catalog numbers 706002 and 703102, respectively) 
were measured in plasma. Samples were diluted 1:4 in sample buffer before being assayed for 
SOD activity and were expressed as Unit/mL (one unit defined as the amount of enzyme that 
resulted in 50% dismutation of the superoxide radical). Activity of GPx was measured in 
samples diluted 1:20 with sample buffer and was expressed as nmol/min/mL. All assays were 
run in triplicate in a 96-well plate with the exception of PC which is analyzed in duplicate. 
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Plasma samples also were sent to Arizona State University for vitamin E (α-tocopherol) 
analyses. Vitamin E was analyzed via reverse-phase HPLC as previously described (McGraw, 
Nolan, & Crino, 2006) using an Agilent 1100 Series (Santa Clara, CA).  
Diet Nutrient Analyses 
Each dietary treatment was dried at 55oC and ground through a 2-mm screen (Wiley mill, 
model 3383-L10, Thomas Scientific, Swedesboro, NJ). All chemical analyses were conducted in 
the nutrition lab at Omaha’s Henry Doorly Zoo and Aquarium unless otherwise noted. Dietary 
treatments were analyzed for dry matter (DM) (Method 934.01) and organic matter (OM) 
(Method 942.05 [(AOAC, 2006)]). Crude protein (CP) was determined using a Leco 
Nitrogen/Protein Determinator (Method 992.15) (model TruMacN, Leco Corporation, St. Joseph, 
MI). Fat concentrations were determined by hexane extraction (Method 960.39 [(AOAC, 2000)]) 
and total dietary fiber (TDF) was determined via Prosky et al., 1994. Mineral analyses were 
conducted at Midwest Laboratories [(Omaha, NE) ((Method 985.01) (AOAC, 2006). Subsamples 
of dietary treatments were stored at -80°C then freeze dried (Virtis Freezemobile 25ES, Life 
Scientific, Inc., St. Louis, MO) at -52°C for approximately two wks and ground through a 2-mm 
screen (Wiley mill No. 4, Thomas Scientific, Swedesboro, NJ) for vitamin analyses. Samples 
were sent to Arizona State University for vitamin E analyses as described above. Diets were also 
sent to Eurofins Nutrition Analyses Center (Des Moines, IA) for vitamin concentration 
verification analyses conducted via HPLC quantification (AOAC Method 971.30) (AOAC, 
2011). 
Metabolizable energy (ME) concentrations of diets were estimated using modified 
Atwater values (8.5 kcal/g fat, 3.5 kcal/g protein, 3.5 kcal/g carbohydrate) multiplied by fat, 
protein, and digestible carbohydrate content of each diet (National Research Council, 2006). 
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Digestible carbohydrate concentrations were calculated using nitrogen free extract (NFE) as an 
estimate with the following equation: [100 − (% ash + % CP + % fat + % TDF)]. Though crude 
fiber is typically used in this calculation, TDF is a more accurate measure of dietary fiber (de 
Oliveira et al., 2012) and results in a more accurate estimation of ME.  
Statistics 
 The home cage containing one feeder rat served as the experimental unit. All statistical 
analyses were conducted using SAS® (SAS Inst. Inc., Cary, NC). Final body and hippocampus 
weights and OS markers were normally distributed; therefore, they were analyzed using the 
Mixed Models procedure. Diet, litter, and sex were tested as fixed effects and initial body weight 
was tested as a covariate. Daily diet intake was averaged within dietary treatment group and 
assessed using the Mixed Models procedure. Plasma vitamin E concentrations were also 
normally distributed and analyzed in the Mixed Models procedure in the same way with the 
additional assessment of sex and littermate baseline vitamin concentrations as a covariate.  
Rat maze learning performance data (TTF, TTC, RME, WME and TE) were non-
normally distributed and analyzed in PROC GLIMMIX using a gamma distribution. Rat was 
included as a random effect. Rat anxiety behaviours (rear, freeze and groom) frequency and 
duration data also were non-normally distributed and analyzed in PROC GLIMMIX using a 
gamma distribution, but could not be analyzed using a random statement. The statistical model 
included diet, litter, sex, and maze testing wk (1 – 5; Maze Learning Performance and Anxiety 
Behaviour Testing period ([wks 7 – 11 of study]) as well as a diet x testing wk interaction. 
Urination frequency was analyzed in PROC GLIMMIX using a gamma distribution and a 
random effect of rat. Defecation and vocalization frequencies were analyzed with a binomial 
distribution without a random statement due to lack of conversion, likely due to low occurrence. 
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The I-Link option was used to transform the LS mean and standard error values back to the 
original measurement units. A P-value of < 0.05 was considered significant. When the fixed 
effect was a significant source of variation, different levels within the fixed effect were separated 
using the PDIFF option in SAS. Multiple regression analysis was conducted in PROC REG to 
assess for correlations between plasma vitamin E, OS markers, average maze performance 
parameters, and behaviours.  
4.4 Results 
Animals and Diets 
 Overall, rats on the 20 ppm dietary treatment consumed less diet per day (as-fed basis) (± 
SEM) (16.4 ± 0.3 g) than rats fed 90 ppm (18.2 ± 0.3 g) and 400 ppm (17.7 ± 0.3 g) (P < 0.001), 
but body weights did not differ (P = 0.472) (Figure 4.2). At the conclusion of the study, final 
body weights (± SE) (290.6 ± 14.9, 313.7 ± 14.9, and 304.1 ± 14.9 g; P = 0.564) and 
hippocampus weights (0.06 ± 0.01, 0.06 ± 0.01, 0.06 ± 0.01 g; P = 0.892) did not differ for rats 
fed the 20, 90, and 400 ppm treatments, respectively. Baseline plasma vitamin E concentrations 
for littermates (not used in the study) were: litter 1 males, 0.9 and 2.4; litter 1 females, 1.0 and 
2.5; litter 2 males, 1.2 and 2.5; and litter 2 females, 0.9 and 2.1 µg/mL. Baseline vitamin 
concentrations were not significant covariates in statistical analyses of final plasma vitamin 
concentrations.  
 Chemical compositions of dietary treatments are presented in Table 4.2. Descriptively, 
dietary treatments did not differ by more than 5% in macronutrient composition apart from TDF 
(10% difference); however, ME values of all diets were within 1%. Mineral composition did not 
differ by more than 7% between dietary treatments apart from copper (47% difference) that 
ranged from 5.2 to 8.4 ppm for the 90 and 400 ppm treatments, respectively. 
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Oxidative Stress Markers 
Results of oxidative stress markers in rat plasma are presented in Table 4.4. As dietary 
vitamin E increased from 20 to 400 ppm, activity of SOD decreased (P < 0 .001) from 2.9 to 1.0 
U/ml. This was in contrast to the 40% increase in PC concentration (P = 0.004) between rats fed 
20 ppm (0.5 nmol/mg) and 400 ppm (0.7 nmol/mg). When regression analysis was evaluated, as 
dietary vitamin E increased, activity of SOD decreased (P = 0.002; (R2 = 0.46)) and PC 
concentrations (R2=0.16; P = 0.090) tended to increase (Table 4.5). No differences were detected 
between rats on dietary treatments for plasma GPx that ranged from 1,661 to 1,940 
nmol/min/mL. Protein carbonyl concentrations were significantly higher (P = 0.024) in rats fed 
the 400 ppm dietary treatment (0.7 nmol/mg) compared to those fed the 20 ppm dietary treatment 
(0.5 nmol/mg) with no other differences detected for PC. No treatment differences were detected 
for serum or hippocampus TBARS. Intra- and inter-assay CV’s for SOD, GPx, serum TBARS, 
hippocampus TBARS and PC were 4.9 and 45.4, 6.8 and 31.8, 4.3 and 24.2, 3.1 and 19.7, and 
10.0 and 29.3 %, respectively. Plasma vitamin E concentrations are also presented in Table 4.4. 
Final plasma vitamin E concentrations were significantly different (P = 0.001) between all 
treatments and increased with dietary vitamin E (1.2, 2.2 and 3.5 µg/mL for 20, 90 and 400 ppm, 
respectively).   
When regression analysis was conducted with OS markers and average maze 
performance, serum TBARS concentrations increased (R2 = 0.26; P = 0.033) with WME (Figure 
4.3). Markers of OS were not correlated with maze learning performance or anxiety behaviours. 
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Maze Learning Performance and Anxiety Behaviour Testing Period  
Diet x Test Wk 
Diet x test wk interactions were not observed to be different for feeder rat maze learning 
performance measures (P > 0.050). Grooming behaviour frequency increased from wk 1 (0.6 
occurrences/ trial) to wk 2 (0.9 occurrences/trial) for rats fed 90 ppm but decreased across testing 
wks 2 through 5 for all dietary treatments (P < 0.001; Figure 4.4). Grooming duration for rats fed 
90 ppm vitamin E (3.3 sec/occurrence) was 71% shorter (P = 0.049) than for rats fed the 400 
ppm (11.4 sec/occurrence) dietary vitamin E in wk 1. However, grooming duration was 88% 
shorter (P = 0.005) in rats fed 400 ppm (0.6 sec/occurrence) compared to those fed the 90 ppm 
(4.8 sec/occurrence) vitamin E in wk 2. In wks 3, 4, and 5, grooming duration was 85, 95, and 
99% less (P < 0.050) in 400 ppm compared to 20 and 90 ppm-fed rats.  
Diet 
There were no differences between rats fed dietary vitamin E treatments for any maze 
learning performance measures (P ≥ 0.118; Table 4.6) or urination, defecation, vocalization, or 
rearing behaviours (P ≥ 0.341; Table 4.7); however, differences were detected for freeze and 
groom behaviours (Table 4.7). Rats fed the 20 ppm vitamin E treatment froze more (0.02 
occurrences/trial) and for longer duration compared with those fed the 90 and 400 ppm vitamin E 
treatments (P < 0.001). Rats fed 400 ppm vitamin E groomed less and for shorter periods 
compared to rats fed the 20 and 90 ppm vitamin E treatments (P < 0.001; Table 4.7).  
Testing Wk 
Weekly maze learning performance parameters (TTF, TTC, RME, WME, and TE) are 
presented in Table 4.8. All parameters decreased numerically over the 5 testing wks. Differences 
were detected between wks 1 and 2 in which wk 1 times and errors were highest (P < 0.001). 
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Weeks 1 and 2 were higher (P < 0.050) compared to wks 3 through 5 for maze parameters. No 
differences were detected between weeks 3 through 5 (P > 0.050). No differences were detected 
across testing wks for urination or defecation anxiety behaviours (P ≥ 0.156, data not shown). 
Rear, groom, and freeze frequencies and durations decreased as testing progressed with wk 1 
being the highest (P < 0.001) and wks 4 and 5 the lowest (P < 0.001). Lowest vocalization 
frequencies were observed in wks 4 and 5 compared to wk 1 (P = 0.022 and 0.048, respectively; 
Table 4.8). 
4.5 Discussion 
The Association of Zoos and Aquariums is an accrediting body for zoological institutions 
in the United States with a rigorous accreditation process (AZA, 2017). Animal welfare has 
become an increasingly important component of accreditation and applies to all animals housed 
in zoological institutions, including animals raised to feed other animals (feeder animals). Rats 
are a unique comparative model because they can serve many roles in zoos including as food 
items for carnivores, as educational animals for guest encounters, and as potential models for 
other species such as agouti and other exotic rodents. 
Oxidative stress has been linked to several aspects of health and welfare including 
disease (Lykkesfeldt & Svendsen, 2007) and learning decline (Revel et al., 2015), indicating its 
value as a possible marker of animal welfare status. Vitamin E is a powerful antioxidant that 
defends against OS and may be protective of the brain to prevent associated cognitive loss 
(Fukui et al., 2002; Wu et al., 2010; Alzoubi et al., 2013). The vitamin E requirement for 
growing rats is 18 ppm (27 IU/kg; National Research Council, 1995) with many commercially 
available rat diets formulated to contain three times this amount. The objectives of the current 
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study were to assess the impact of three dietary vitamin E concentrations on markers of OS, 
maze learning performance, and anxiety behaviours in young feeder rats.  
Animals & Diets 
Dietary vitamin E treatment did not affect rat final body weights. Dietary treatments used 
in the current study were originally formulated to contain 8 (deficient), 50 (commercial), and 300 
(high) ppm of vitamin E. Initial laboratory analysis found very low vitamin E concentrations that 
were not different across treatments. Upon further evaluation at a secondary laboratory, 
concentrations were measured higher than expected. Vitamins can be difficult to analyze and 
inter-laboratory variation exists and has been previously noted as a major concern when 
comparing vitamin-based research (Sullivan et al., 2017). Our study further indicates the need to 
develop more consistent methodology for vitamin analysis across sample types in order to reduce 
variation among laboratories and ensure analytical results are accurate for conclusive evaluation.  
Plasma vitamin E concentrations increased from 1.2 to 3.5 ppm as dietary vitamin E 
increased from 20 to 400 ppm. This increase was expected and has been noted in other studies 
feeding increasing concentrations of dietary vitamin E (Machlin & Gabriel, 1982). However, the 
values in the current study were lower than previously reported for 13 to 25 wks old rats 
supplemented with Vitamin E (α-tocopheryl acetate) at concentrations of 30 to 55 ppm and 165 
to 240 ppm, resulting in circulating vitamin E concentrations ranging from 5.4 to 10.9 (Bieri, 
1972; Machlin & Gabriel, 1982; Terada et al., 2011) and 3.1 to 6.4 ppm (McGee et al., 1990; 
Takahashi et al., 2017), respectively.  
Oxidative Stress Markers  
 Previous studies have found wide ranges in OS markers in rats, with SOD activity, GPx 
activity, serum TBARS, and PC ranging from 0.4 – 110 U/mL (Bacanlı et al., 2017; Bahrami et 
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al., 2016), 42.5-19,700 nmol/min/mL (Anand et al., 2011; Bacanlı et al., 2017), 0.1-25 µM 
(Bahrami et al., 2016; Mansour et al.,  2017; Terada et al., 2011), and 0.1-7.6 nmol/mg protein 
(Husain et al., 2005; Jana et al., 2002), respectively. Our values for measured markers of OS fall 
in line with those previously published for rats. While many studies have reported reduced blood 
TBARS and PC and increased SOD with vitamin E supplementation (Haque et al., 2006; Terada 
et al., 2011; Wu et al., 2010), the current study revealed contradictory results with reduced SOD 
activity and greater PC concentrations in rats fed 400 ppm vitamin E. 
Reduction of SOD activity in response to vitamin E supplementation has been previously 
reported in rats (Abd Hamid et al., 2011) and may be explained by antioxidant sparing effects 
(Combs Jr., 2012). However, increases of PC detected in rats fed the 400 ppm dietary treatment 
indicate heightened OS. Though antioxidants such as vitamin E are typically thought to reduce 
OS (Xu et al., 2014), vitamin E can also have neutral or pro-oxidant effects. A radical (α-
tocopheroxyl) is produced through α-tocopherol’s oxidation to neutralize reactive oxygen species 
(ROS), and this radical requires other antioxidants to reduce it back to the α-tocopherol form 
(Combs Jr., 2012). It has been proposed that increasing only vitamin E under OS conditions may 
exacerbate OS via α-tocopheroxyl radical production (Rietjens et al., 2002) and “co-antioxidant” 
supplementation, such as coenzyme-Q10, may have more positive impacts on OS (Mcdonald et 
al., 2005). Vitamin E has been shown to trigger oxidation (Kontush et al., 1996), though few 
studies publish these findings in relation to PC. Direct influence of high dietary vitamin E on PC 
should be further assessed in future studies as should impacts of co-antioxidant supplementation 
on OS. 
The hippocampus appears to be highly prone to OS (Gamoh et al., 2001; Haque et al., 
2006) and is also an area of the brain which processes learning and memory (White & 
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McDonald, 2002). Previously reported lipid peroxidation values in rat hippocampus have 
differed by more than 60-fold (Alzoubi et al., 2013; Fukui et al., 2002; Gamoh et al., 2001) and 
are similar to results in the current study (average 25 µM) (Yuan et al., 2012). Some studies have 
demonstrated that vitamin E supplementation reduces OS in rat hippocampus (Joseph et al., 
1998; Kashif et al., 2004; Wu et al., 2010) while others, in agreeance with the current study, have 
shown no difference from controls (Alzoubi et al., 2013). The current study indicates higher 
intakes of dietary vitamin E in diets of feeder rats is not beneficial and may exacerbate OS in 
young rats that are considered to be in a normal plane of nutrition. This should be further 
investigated through examination of more refined OS markers such as OS-related genes and in 
studies of longer duration to assess if results are short-lived or long-term. It would also be 
valuable to consider comparing measures in both young and old animals.   
Radial Arm Maze 
 Dietary vitamin E did not influence measures of maze learning performance. These 
results agree with a previous study in which 5 to 6 wk old adult male Wistar rats fed high-fat 
high-carbohydrate diets and supplemented with vitamin E (100 ppm dl α-tocopherol) for six wks 
did not differ in radial arm water maze performance compared to controls (Alzoubi et al., 2013). 
However, it should be noted that Alzoubi and colleagues (2013) did not report vitamin E 
concentrations of the control diet. 
Our results disagree with other previous studies that observed differences in maze 
learning performance with vitamin E supplementation; however, many of the reported studies 
did not report vitamin E source or concentration or used manipulated animals. For example, 
vitamin E supplemented 3 and 25 mo old male Wistar rats made 33.3% more correct choices 
compared to vitamin E deficient rats in a RAM (vitamin E concentrations were not reported) 
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(Fukui et al., 2002). Similarly, healthy six-mo old male Fischer 344 rats and 7 to 8 wk old male 
Sprague-Dawley rats with mild traumatic brain injury supplemented with 500 IU vitamin E 
(acetate, d/l not specified) had improved performance in a Morris Water Maze (MWM) as 
demonstrated by 28% greater efficiency (Joseph et al., 1998) and 22% shorter maze latency 
completion times (Wu et al. 2010) compared to controls. Therefore, while our results add to 
contradictory data presented in previous research, comparisons are difficult when sources or 
concentrations are not reported. In the current study, increasing concentrations of dietary vitamin 
E were assessed in healthy young animals without dietary challenge, which could be a reason 
why no effect was observed.  
Additionally, discrepancies between our results and previous studies may be further 
explained by differences in maze types evaluated, rat strain utilized, and rat age. It has been 
previously acknowledged by behavioural scientists that comparing results from different maze 
type assessments not be accurate. Although the RAM, MWM, and radial arm water maze all 
assess learning and memory, results and outcomes are not always directly comparable (Astur et 
al., 2004). Additionally, rat strains are often selected based on the research objective(s) and 
rodent model fitness. Gökçek-Saraç et al., (2015) compared four strains of rats and found 
differences as high as 71% between strains in latency to complete maze, WME, RME, and TE in 
a RAM. Young and old rats also may be affected by dietary manipulation. Administration of 
docosahexaenoic acid (DHA) (300 ppm) to 5 and 100-wk-old male Wistar rats resulted in 
approximately 65% fewer RME in young rats in a RAM, but did not impact WME (Gamoh et al., 
1999). Conversely, both RME and WME declined by nearly 75% in old rats (Gamoh et al., 
2001). Several studies have demonstrated that vitamin E supplementation improves learning in 
24-month-old rodents (Mcdonald et al., 2005); however, the use of younger rats in the current 
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study that are considered healthy, may have contributed to different results. This could indicate 
that vitamin E supplementation is more important for learning as animals age or when nutritional 
status related to vitamin E has not met recommendations. 
In the current study, impact of dietary vitamin E and OS on anxiety behaviours also was 
evaluated. Grooming (Tsoory et al., 2008), freezing (Steimer, 2011), vocalizing (Sánchez, 2003), 
and urinating and defecating (Kalueff & Tuohimaa, 2005) have all been described as behaviours 
associated with greater anxiety. In contrast, higher occurrences of rearing are associated with less 
anxiety (Katz et al., 1981). 
 Grooming frequency and duration in our study decreased as vitamin E concentration 
increased and they also decreased throughout the testing weeks. The motivation behind 
grooming has been debated, some associating it with anxiety and stress (Kalueff & Tuohimaa, 
2005) while others find it to be a “de-arousal” mechanism that occurs after a stressful event 
(Rojas-Carvajal et al., 2018). This debate revolves around the behavioural temporal frequency. If 
a behaviour declines over repeated exposure, it is thought to be a stress-related behaviour 
occurring during habituation (Brenes et al., 2009). A behaviour that increases over time may be 
playing a part in de-arousal after stress has passed (Rojas-Carvajal et al., 2018). In our study, 
overall patterns of grooming increased between wks 1 and 2 in rats fed the 90 ppm dietary 
treatment, aligning with the de-arousal hypothesis, while rats fed the 20 and 400 ppm dietary 
treatments decreased between all wks, in alignment with the stress hypothesis. However, rats fed 
the 400 ppm vitamin E diet exhibited overall less grooming compared to 20 and 90 ppm-fed rats 
in wks 2 through 5 which may indicate less stress (Füzesi et al., 2016).  
Freezing is a behavioural fear response which serves to avoid detection and unlike 
rearing and grooming, the freezing behaviour is almost always associated with fear or anxiety in 
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a variety of maze tests (Díaz-Morán et al., 2014). In the current study, the feeder rats fed 20 ppm 
vitamin E froze more frequently and for longer durations than their counterparts consuming 90 or 
400 ppm vitamin E. Dietary factors may be influencing anxiety via serotonin and/or gamma 
amino butyric acid pathways (Gingrich, 2005) in the brain, but this requires further investigation 
as it relates to vitamin E. Induced vitamin E deficiencies have been reported to increase rodent 
anxiety behaviours and OS (Terada et al., 2011). However, vitamin E supplementation (up to 500 
ppm [α-tocopherol or α-tocopherol acetate]) also has been shown to increase rodent anxiety 
behaviours (Kolosova et al., 2006). Our study did not induce vitamin E deficiencies but found 
heightened freezing behaviours in rats fed lowest concentrations of vitamin E (20 ppm). Though 
further validation in anxiety-focused mazes and tests are required, our results suggest higher 
dietary vitamin E diets (90 and 400 ppm) may reduce anxious behaviours as seen in reduced 
grooming and freezing.  
The rat’s hippocampus is differentially involved in working (short-term) and reference 
(long-term) memory (Olton & Papas, 1979) and may be affected by anxiety (Deacon & Rawlins, 
2005). When considering the integration of OS and behaviour, previous studies have reported 
positive correlations between hippocampus TBARS and RME (Gamoh et al., 2001; Haque et al., 
2006) (R2=0.86 and 0.52, respectively). Additionally, plasma TBARS were positively correlated 
with WME (R2=0.62) (Haque et al., 2006). Serum TBARS had similar correlations with maze 
performance parameters in our study, indicating the impact of OS on maze learning performance 
and working memory; however, serum TBARS and WME were not different among rats in 
different dietary treatments. Additionally, OS markers were not correlated with anxiety 
behaviours in the current study. While OS has been tied to an increase in rodent anxious 
behaviours (Vollert et al., 2011), these studies assess anxiety via the open field and light-dark 
	142				
exploration tests. Some OS markers appear to be associated with maze learning performance; 
however, future studies should assess OS marker influence on anxiety directly through more 
accurate testing via open field or light-dark exploration tests.  
Conclusions 
 It was hypothesized that rats fed higher concentrations of dietary vitamin E would have 
suppressed OS markers, superior maze learning performance, and fewer anxiety behaviours. 
Contradictory to our hypothesis, the rats fed the highest concentration of vitamin E had reduced 
SOD and increased PC concentrations. Further contrary to our hypothesis, similar performance 
in maze learning performance was observed among rats fed varying vitamin E intakes. However, 
highest dietary vitamin E concentrations appeared to reduce rat anxiety behaviours. This 
supported our hypothesis, but requires further investigation. Plasma TBARS, while not different 
across rats on different dietary treatments, were correlated with higher WME, indicating 
association of lipid peroxidation and working, short term memory. In conclusion, although the 
higher concentrations of dietary vitamin E resulted in possible reductions in anxiety behaviours, 
concentrations greater than 90 ppm did not alter rat maze learning performance and were 
correlated with greater OS levels compared to rats fed a concentration of dietary vitamin E closer 
to published requirements. These results suggest higher concentrations of dietary vitamin E are 
not beneficial for OS prevention or for rat maze learning performance. Markers of OS evaluated 
in the current study indicate that rat diets containing vitamin E concentrations 5 to 22 times 
requirement may be exacerbating OS. Outcomes of our study may aid animal manager decisions 
regarding feeder animal welfare and welfare of other species for which rodents can be used as 
models.  
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Table 4.1. Experimental diet ingredient compositions formulated to contain 20, 90, and 400 ppm 
vitamin E (α-tocopherol) 
  Dietary Vitamin E, ppm 
Ingredient, % as fed Baseline 20 90 400 
Sucrose 50.0 50.0 50.0 49.9 
Casein 20.0 20.0 20.0 20.0 
Dextrin 15.0 15.0 15.0 15.0 
Corn Oil 5.0 5.0 5.0 5.0 
Powdered Cellulose 5.0 5.0 5.0 5.0 
AIN-76A Mineral Mix 3.5 3.5 3.5 3.5 
AIN-76A Vitamin Mix          
(no vitamin E) 1.0 1.0 1.0 1.0 
DL-Methionine 0.3 0.3 0.3 0.3 
Choline Bitartrate 0.2 0.2 0.2 0.2 
DL-Alpha Tocopheryl 
Acetate 0.0001 0.0008 0.0100 0.0700 
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Table 4.2. Chemical composition of baseline and dietary treatments containing 20, 90, and 400 
ppm vitamin E (α-tocopherol) fed to Long Evans feeder rats for nine weeks (dry matter basis) 
  Dietary Vitamin E, ppm  
Nutrient Baseline 20 90 400 SD 
DM, % 90.4 90.6 90.7 90.7 0.1 
OM, % 97.1 97.1 97.1 97.0 0.1 
CP, % 15.6 16.8 16.9 17.0 0.7 
Fat, % 5.0 4.8 4.9 5.1 0.1 
TDF, % 6.4 6.4 6.5 5.9 0.2 
ME1, kcal/g 3.4 3.4 3.4 3.4 0.01 
P:F2, ratio 3.2 3.5 3.5 3.4 0.2 
Vit E, ppm 17.5 22.0 87.5 388.8 176.2 
S, % 0.3 0.3 0.2 0.3 0.01 
P, % 0.6 0.6 0.6 0.6 0.01 
K, % 0.4 0.4 0.4 0.4 0.02 
Mg, % 0.1 0.1 0.1 0.1 0.00 
Ca, % 0.6 0.6 0.6 0.6 0.01 
Na, % 0.1 0.1 0.1 0.1 0.01 
Fe, ppm 55.3 53.9 50.5 50.5 2.6 
Mn, ppm 65.4 64.7 62.4 62.4 1.7 
Cu, ppm 7.4 7.1 5.2 8.4 1.4 
Zn, ppm 45.8 43.5 42.6 44.4 1.3 
Ca:P3, ratio 1.0 1.0 1.0 0.9 0.02 
DMB, dry matter basis; DM, dry matter; OM, organic matter; CP, crude protein; TDF, total 
dietary fiber; ME, metabolizable energy; S, sulfur; P, phosphorus; K, potassium; Mg, 
magnesium; Ca, calcium; Na, sodium; Fe, iron; Mn, manganese; Cu, copper; Zn, zinc; ppm, 
parts per million. 
1 ME = Calculated using modified Atwater: 8.5 kcal of ME/g of fat + 3.5 kcal of ME/g of CP + 
3.5 kcal of ME/g of N-free extract.  
2 Protein:fat ratio was calculated by dividing crude protein concentration by fat concentration. 
3 Calcium:phosphorus ratio was calculated by dividing calcium concentration by phosphorus 
concentration.	  
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Table 4.3. Ethogram for Long Evans feeder rats in an eight-arm radial maze for 10-min on six consecutive days over five consecutive 
wks1 
Measure Unit Description 
Maze Learning Performance2 
Time to find food (TTF) 
Seconds 
Latency from rat being placed in maze center until nose broke 
horizontal plane of recessed food cup with accessible apple 
slices (goal arms) 
Time to consume food (TTC) Latency from rat being placed in the maze center until rat consumes all accessible apple slices (goal arms) 
Reference memory errors (RME) 
Frequency4  
Frequency rat placed both front feet in a maze arm that did not 
contain accessible apple slices (non-goal arm) 
Working memory errors (WME) Frequency rat placed both front feet in a maze arm in which the rat had already consumed the apple slice 
Total errors (TE) 
Frequency rat placed both front feet in a maze arm which did not 
contain an accessible apple slice or an arm in which the rat had 
already consumed the apple slice 
Rat Anxiety Behaviours3 
Rear 
Frequency and duration5  
Rat stood on its hind legs with its back straight 
Freeze Rat was immobile on all four legs with no body movement for at least 3 seconds 
Groom Rat licked body or paws and rubbed them on its body 
Urination 
Frequency  
Rat excreted urine in maze which was visible to the human live 
maze observer 
Defecation Rat excreted feces in maze which was visible to the human live maze observations 
Vocalization Rat emited a vocal frequency detectable to the human live maze observer 
1 Ethogram adapted from (Rousseau et al., 2000). 
2 Maze performance parameters were collected by one observer during live maze testing. 
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3 Anxiety behaviours rear, freeze, and groom were collected by one observer during video recording observations. Urination, 
defecation, and vocalization were recorded during live maze testing. 
4 Frequency defined as average number of occurrences per maze trial. 
5 Duration defined as average number of seconds each occurrence lasted. 
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Table 4.4. Oxidative stress markers and vitamin E concentrations in blood and hippocampus 
TBARS of Long Evans feeder rats fed diets containing 20, 90, and 400 ppm vitamin E (α-
tocopherol) for nine wks1 
 Dietary Vitamin E, ppm   
Measure 20 90 400 SEM P-Value 
SOD, U/mL2,3 2.9a 1.7b 1.0c 0.2 < 0.001 
GPx, 
nmol/min/mL 1,939.9 1,660.6 1,919.5 374.2 0.720 
PC, nmol/mg 0.5a 0.5a,b 0.7b 0.1 0.004 
Serum TBARS, 
µM MDA 12.6 11.5 12.3 1.6 0.767 
Hippocamupus 
TBARS, µM MDA 18.4 19.5 20.2 2.3 0.743 
Vitamin E, µg/mL 1.2a 2.2b 3.5c 0.5 0.001 
SOD, superoxide dismutase; GPx, glutathione peroxidase; TBARS, thiobarbituric acid reactive 
substances; PC, protein carbonyl; SEM, standard error of mean. 
a-c Means within a row lacking a common superscript letter are different (P < 0.050). Rows with 
no superscript did not differ statistically (P > 0.100). 
1 SOD, GPx, and PC are measured in plasma. 
2 One unit of SOD is defined as the amount of enzyme that resulted in 50% dismutation of the 
superoxide radical. 
3 Assay values fell outside the range of the standard curve. 
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Table 4.5. Significant variables from multiple regression analyses of OS markers and maze 
performance and anxiety behaviours in an eight-arm radial maze in Long Evans feeder rats fed 
diets containing 20, 90, and 400 ppm vitamin E (α-tocopherol) for nine wks 
Marker Variable R2 Correlation P-Value 
Plasma Vitamin E 
SOD 0.46 Negative 0.002 
PC 0.16 Positive 0.090 
SOD, superoxide dismutase; PC, protein carbonyl.  
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Table 4.6. Maze learning performance of Long Evans feeder rats fed diets containing 20, 90 or 
400 ppm of vitamin E (α-tocopherol) for five wks in an eight-arm radial maze for 10-min on six 
consecutive days over five consecutive wks observed via live observations 
 Dietary Vitamin E, ppm   
Measure 20 90 400 SEM P-Value 
TTF, seconds 63.2 67.8 64.3 10.9 0.931 
TTC, seconds 67.6 71.8 68.7 11.5 0.961 
RME, frequency1 4.0 4.3 4.3 0.4 0.826 
WME, frequency 2.3 1.8 1.9 0.2 0.118 
TE, frequency 4.6 5.4 5.2 0.5 0.389 
TTF, time to find food; TTC, time to consume food; RME, reference memory errors; WME, 
working memory errors; TE, total errors.  
1 Frequency defined as average number of occurrences per maze trial.  
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Table 4.7. Frequency1 and duration2 of anxiety behaviours in Long Evans feeder rats fed diets 
containing 20, 90 or 400 ppm of vitamin E (α-tocopherol) in an eight-arm radial maze for 10-min 
on six consecutive days over five consecutive wks, observed using a preset ethogram via 
continuous behavioural sampling  
 Dietary Vitamin E, ppm   
Behaviour 20 90 400 SEM P-Value 
Urination, frequency 1.1 1.1 1.3 0.1 0.387 
Defecation, frequency 0.008 0.008 0.0001 0.0001 0.353 
Vocalization, frequency 0.05 0.02 0.02 0.03 0.341 
Rear, frequency 8.7 8.3 8.4 0.8 0.944 
Rear, duration 13.9 13.8 13.6 1.4 0.928 
Groom, frequency 0.7a 0.5a 0.1b 0.2 <0.001 
Groom, duration 1.7a 1.6a 0.2b 0.4 <0.001 
Freeze, frequency 0.02a 0.01b 0.01b 0.002 <0.001 
Freeze, duration 0.07a 0.02b 0.02b 0.01 <0.001 
a,b Means within a row lacking a common superscript letter are different (P < 0.050). Rows with 
no superscript did not differ statistically (P > 0.100). 
1 Frequency defined as average number of occurrences per maze trial. 
2 Duration defined as average number of seconds each occurrence lasted.  
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Table 4.8. Weekly maze learning performance and anxiety behaviour testing of Long Evans 
feeder rats fed diets containing 20, 90 or 400 ppm of vitamin E (α-tocopherol) in an eight-arm 
radial maze for 10-min on six consecutive days over five consecutive testing wks1 
 Testing Wk 
SEM P-Value 
 1 2 3 4 5 
Maze Learning Performance Parameter2  
TTF 146.4a 71.8b 51.5c 46.6c 49.7c 0.1 < 0.001 
TTC 179.9a 73.5b 52.8c 47.9c 52.1c 0.1 < 0.001 
RME 9.2a 4.2b 3.5c 3.3c 3.2c 0.1 < 0.001 
WME 2.9a 2.3b 1.5c 1.9c 1.6c 0.2 < 0.001 
TE 11.3a 5.2b 4.0c 3.8c 3.7c 0.1 < 0.001 
Anxiety Behaviour3  
Rear 
Frequency4 28.8
a 8.3b 6.4b,c 4.9c 5.6c 1.6 < 0.001 
Rear 
Duration5 53.7
a 13.8b 10.6b,c 7.5c 8.3c 0.2 < 0.001 
Groom 
Frequency 1.7
a 0.6b 0.3c 0.1d 0.1d 0.6 < 0.001 
Groom 
Duration 7.5
a 1.8b 0.7c 0.2d 0.2d 0.6 < 0.001 
Freeze 
Frequency 0.4
a 0.02b 0.004c 0.002d 0.001d 0.1 < 0.001 
Freeze 
Duration 4.7
a 0.1b 0.01c 0.003d 0.002d 1.1 < 0.001 
Vocalization 0.1a 0.03a,b 0.04a,b 0.01b 0.01b 0.03 0.089 
TTF, time to find food; TTC, time to consume food; RME, reference memory errors; WME, 
working memory errors; TE, total errors. c Maze performance parameters were collected by one 
observer during live maze testing. 
a-d Means within a row lacking a common superscript letter are different (P < 0.05). Rows with  
no superscript did not differ statistically (P > 0.10). 
1 Maze testing wk 1 was wk 7 of the overall study, and testing wk 5 was wk 11. 
2Maze performance parameters were collected by one observer during live maze testing. 
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3 Anxiety behaviours were collected by one observer during video recording observations. 
4 Frequency defined as average number of occurrences per maze trial. 
5 Duration defined as average number of seconds each occurrence lasted.
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Figure 4.1. Schematic representation of the eight-arm radial maze used for maze learning 
performance and rat anxiety behaviours for Long Evans feeder rats fed diets containing 20, 90 or 
400 ppm of vitamin E (α-tocopherol) for nine wks and tested for 10-min on six consecutive days 
over five consecutive wks.   
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Figure 4.2. Average diet intakes (A) and body weights (B) of Long Evans feeder rats fed diets 
containing 20 (square), 90 (circle), and 400 (triangle) ppm of vitamin E (α-tocopherol) at 100% 
ad libitum for wks 1 through 4 and at 80% of ad libitum for wks 5 through 9.   
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Figure 4.3. Linear regression of serum lipid peroxidation (TBARS) and working memory errors 
(WME) (P = 0.033) committed by feeder rats in a radial arm maze. 
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Figure 4.4. Grooming behavior frequency (A) and duration (B) of Long Evans feeder rats fed 
diets containing 20 (square), 90 (circle), and 400 (triangle) ppm vitamin E in an eight-arm radial 
maze for 10-min on six consecutive days over five consecutive wks (P = 0.003). Maze testing 
wks 1 – 5 are during the maze learning performance and anxiety behaviour testing period (wks 7 
– 11 of study). Data points lacking a common superscript letter are different (P < 0.050).    
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CHAPTER 5 
GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
Improved dietary management of zoo-housed species has potential to improve overall 
health and sustainability of assurance populations to support conservation efforts. Oxidative 
stress measures have not been evaluated in zoo-managed species, but have potential to evaluate 
dietary adequacy and help refine nutrient recommendations. Both pro- and antioxidant 
compounds come from the diet and undefined species-specific nutrient requirements can result in 
deficiencies or toxicities leading to oxidative stress (OS) (Sies et al., 2005). While diet influence 
on OS has been demonstrated in humans (Romeu et al., 2013; Vetrani et al., 2013) and domestic 
animals (Baker et al., 1997; Shi-bin et al., 2007, Fukui et al., 2002), this has rarely, if ever, been 
assessed in zoo-managed species. The novel approach to nutrient intake evaluation with OS 
measures relied on use of specific measures that have been well researched in other species but 
not exotic, zoo-managed species. Evaluation of diet influence on OS has the potential to help 
enhance dietary formulations of zoo-managed animals.  
Enzymatic antioxidants superoxide dismutase (SOD) and glutathione peroxidase (GPx) 
as well as ferric reducing antioxidant potential (FRAP) were assessed as representative indicators 
of OS while protein carbonyls (PC), thiobarbituric acid reactive substances (TBARS), and 
DNA/RNA damage were assessed as measures indicative of oxidative damage. Assessment of 
OS is not always straightforward, as activity of antioxidant enzymes may actually increase in 
states of “mild” OS as a cellular adaptation mechanism (Halliwell and Gutteridge, 2015). 
Conversely, enzyme activity may be reduced in cases of higher dietary antioxidants, as sparing 
effects can occur (Combs Jr., 2012). While all measures across all experiments would have been 
ideal, small animal and resulting sample size made it impossible to collect all measures in all 
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three experiments; therefore, markers were carefully selected based on reliability, required 
sample volume, and relevance to species. 
Three zoo-managed species were selected for this dissertation because they provided 
unique and novel opportunities to evaluate diet and OS markers. Amphibians were evaluated 
(Chapter 2) because more than 50% of known amphibian species in the wild are endangered or 
threatened with extinction (Hilton-Taylor et al., 2009) and assurance populations in zoos are vital 
to sustain wild populations via reintroduction programs. Nutrient requirements are not known for 
amphibians and some nutrients including vitamin A and calcium, have been implicated in cases 
affecting amphibian health (Li et al., 2009; Ferrie et al., 2014). Improving amphibian nutrition 
will be a critical aspect of sustaining more zoo-managed populations. Snow leopards were 
investigated (Chapter 3) due to declining breeding success in zoos and resulting population 
decline over the past 10 years (Tetzloff et al., 2016). As with amphibians, improving nutrition, 
by understanding nutrient influence on OS, could help improve husbandry practices for 
assurance populations. Because this was novel research for zoo-managed species, diets were not 
manipulated to contain specific concentrations of particular nutrients in Chapters 2 and 3. Rather, 
current nutrient intakes and their correlation with OS were assessed. In contrast, known rat 
nutrient requirements (Chapter 4) made it possible to specifically manipulate diet vitamin E 
concentrations to evaluate OS and learning and anxiety behaviors in zoo-managed feeder rats as 
measures of animal welfare (Mendl et al., 2009). Rats serve as unique research models for zoos 
because they are used for many purposes including feeder animals and as collection animals, 
particularly for guest engagement. 
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The overall goal of this dissertation was to evaluate influence of diet and nutrient intakes 
on markers of OS in zoo-managed animals. To address this goal, three research chapters (2-4) 
focused on the following objectives: 
1) Evaluate five commercial gut-loading diets on resulting live cricket nutrient 
composition and assess the impact of cricket composition on markers of OS in two zoo-
managed toad species.	
2) Evaluate dietary nutrient intake and nutritional husbandry influence on markers of OS 
in male snow leopards maintained in U.S. zoos.	
3) Assess the impact of three dietary vitamin E concentrations on markers of OS, maze 
learning performance, and anxiety behaviours in zoo-managed feeder rats.	
 In Chapter 2 it was hypothesized that crickets fed different gut-loading diets would differ 
in nutrient composition and toads fed crickets higher in vitamins A and E would have lower 
levels of OS. Supporting our hypothesis, cricket nutrient compositions differed by as much as 
13-fold and 94% in carotenoid and calcium concentrations, respectively, with both nutrient 
concentrations being lowest in Vita Bug® crickets. Additionally, differences as high as 135% 
were measured between the three different sizes (pinhead, small, medium) of crickets fed the 
same gut loading diet indicating very different composition based on cricket size.  
Contrary to our hypothesis, vitamin E intake was not correlated with OS but GPx activity 
decreased with increasing dietary retinol. Our study also revealed GPx activity in toad plasma 
increased with dietary protein:fat and potassium concentrations. Based on markers of OS that we 
assessed, high protein:fat ratios may be exacerbating OS in amphibians. Additionally, large 
discrepancies between dietary vitamin E measured in the current study and recommended 
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concentrations for amphibians, without signs of deficiency, indicate re-evaluation of dietary 
vitamin E recommendation for amphibians is necessary. Results presented contribute new and 
novel knowledge that should be used to formulate cricket gut-loading diets. It does appear 
dietary fat concentration is critical during growth and influences the absorption of fat-soluble 
vitamins; therefore, should likely be a target of future product development. Calcium dusting 
supplements are also recommended for use with Vita Bug® crickets due to their very low 
calcium concentrations. 
 Considerations of pitfalls were noted for Chapter 2. Because of their small size, only two 
measures of OS were obtained (GPx and PC), making cause and effect distinctions difficult. 
Therefore, subsequent research should aim to evaluate additional markers of OS in growing 
amphibians perhaps with larger species or additional numbers of animals. Spinal and muscular 
abnormalities documented in the current study have been previously observed with thiamine 
deficiency being identified as a possible cause (Wright and Whitaker, 2001). Thiamine analysis 
requires very specific sample handling as freezing can result in extensive losses of the vitamin. 
The current study did not analyze for thiamine but this may be warranted for future research 
related to amphibian nutrition. Because thiamine toxicity is not likely to occur at physiological 
dietary intakes, thiamine supplementation in gut-loading diets or dusting supplements is 
suggested until research can elucidate the connection with these abnormalities. Additionally, 
Chapter 2 was a novel attempt to assess measures of OS in the reported amphibian species. 
Future research should include similar measures with other amphibian species to validate the 
work and determine further species differences within the taxa.  
The objective of Chapter 3 was to evaluate the effect of dietary nutrient intake and 
nutritional husbandry on OS markers in blood of male snow leopards. It was hypothesized that 
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dietary nutrients, particularly higher vitamin A and E, would reduce markers of OS and that 
mineral intakes would also influence OS. In support of our hypothesis, copper and sodium 
intakes were correlated with markers of OS. In addition, increasing frequency of whole prey 
offered to snow leopards was correlated with greater SOD activity indicating its influence on OS. 
Based on markers of OS that we assessed, provision of weekly whole prey supplementation and 
higher dietary copper and sodium intakes may mitigate OS. Results also indicate snow leopards 
may benefit from, or can at least tolerate, sodium intakes more than 4 times the recommended 
value. Mineral balance has not been a primary focus of recent nutrition research related to zoo-
managed carnivores and the results presented indicate this as a future research direction.   
This was novel research conducted in snow leopards and a noted pitfall was that the GPx 
assay resulted in negative numbers for 4 cats. In future studies, assay protocols may require 
modification to address this. This work was completed through physical and reproductive exams 
of male snow leopards within AZA’s Species Survival Plan and future work should also include 
female cats. In addition, with noted differences among species, it would be interesting to 
consider other felid species managed in zoos for comparison and validation. Assessment of 
differences between species also may improve diet and husbandry in zoo-managed breeding 
programs and species survival plans.   
The objective of Chapter 4 was to assess the impact dietary vitamin E concentrations (20, 
90, and 400 ppm) on OS markers, maze learning performance, and anxiety behaviors in zoo-
managed feeder rats. It was hypothesized that rats fed higher dietary vitamin E concentrations 
would have suppressed levels of OS, superior maze learning performance, and exhibit fewer 
anxiety behaviors. Contrary to our hypothesis, OS was elevated in rats fed highest concentrations 
of dietary vitamin E with reduced SOD activity along with elevated concentrations of markers of 
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oxidative protein damage in plasma. This supports the concept of a pro-oxidant influence of 
dietary antioxidants at elevated supplementation concentrations (Rietjens et al., 2002) 5 times 
above current vitamin E requirements (18 ppm; National Research Council, 1995). Further 
contrary to our hypothesis, there were no differences in maze learning performance between 
dietary treatment groups. However, in support of our hypothesis, rats exhibited fewer anxiety 
behaviors when fed higher vitamin E concentrations.  
In total, Chapter 4 results indicate higher dietary vitamin E concentrations do not improve 
maze learning performance and result in greater OS levels. Therefore, dietary vitamin E 
concentrations greater than 5 times above requirements are not beneficial for rodents. Outcomes 
of this experiment highlight the need to include careful evaluation of physiological measures 
when supplementing animals well above recommendations as unexpected negative consequences 
may occur with over-supplementation. Results of this study may also be applied to species for 
which rats are used as a model, including agouti and other exotic rodents, to further refine 
nutrient recommendaitons.   
 When considering the pitfalls of Chapter 4, anxiety behaviors were assessed in the 
current study as a secondary measure of dietary vitamin E influence. While individual behaviors 
are indicators of anxiety, other types of tests, such as the open field or light-dark exploration 
tests, should be used to validate results of this experiment. Addressing the influence of co-
antioxidant supplementation along with vitamin E should be a consideration of future research, 
as vitamin E only supplementation has been proposed to exacerbate OS due to α-tocopheroxyl 
radical production (Rietjens et al., 2002). Our work supports the theory that vitamin E only, at 
high intakes, acts as a pro-oxidant. Lastly, our study was conducted with young, growing rats 
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and additional research to determine if the differences noted are observed in older rats may be 
warranted.  
The overall dissertation objective was to evaluate influence of diet and nutrient intakes on 
OS markers in zoo-managed animals through three experimental objectives. Overall, results 
indicate that nutrients, particularly the minerals copper, potassium, and sodium, do influence OS 
measures in zoo-managed animals. Additionally, supplementation of vitamin E alone, at more 
than 5 times nutrient requirements, negatively impacts measures of OS did not improve rat 
learning performance in rats aged 13 wks. Additionally, our results indicate that dietary nutrients 
may have largest impacts on antioxidant enzymes (GPx and SOD) because these correlations 
were the most frequent significant measures throughout. This can help researchers narrow 
appropriate OS measures when sample sizes are small or limited as in the work presented.  
This work also emphasizes the challenges of having to work with unknown nutrient 
requirements. Although nutrient requirements of exotic species are not well defined, the data 
presented herein provide additional knowledge that can be useful to target specific nutrients to 
improve diet formulations, husbandry protocols, and overall health in animals managed in zoos, 
either directly or through OS mediation. This research should be continued to validate OS 
measures in zoo-managed species and to evaluate influence of other nutrients on OS, such as 
vitamin C or combinations of known anti-oxidant nutrients. However, high biological variation 
indicated by high inter-assay CV’s indicate many animals may be necessary in these 
experiments. Improving the diets and welfare of species in assurance populations managed in 
zoos is critical to sustainability programs aimed at potential reintroduction and species 
conservation. Additionally, further evaluation of OS can be used to evaluate phenotypes or 
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physiologies that plague zoo-managed species, such as reproduction issues and disease, to further 
enhance conservation efforts.  
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